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ABSTRACT 
 A multidisciplinary study of the factors affecting the potential use of chemical cues by 
three species of infaunal shrimp was performed in three parts.  A set of modified y-maze choice 
experiments were performed to establish the ability of three species of ghost shrimp, Callichirus 
islangrande, Callichirus major, and Leptidophthalmus louisianensis, to detect conspecifics via 
chemical cue.  The time budgets for the detection of conspecifics chemical cues differed 
significantly from controls (no cue) for both animal cues and odor only cues indicating that all 
three species were able to detect the difference in sex of conspecific chemical cues regardless of 
cue source. The differences between the trials in which the cue animal was present and odor cue 
alone was present may indicate the possible use of mechanical or ancillary cues in addition to 
odor.  Odor plume behavior within the burrow environment was characterized using fluorescein 
dye visualization of an odor mimic in a model burrow for the second series of experiments.  
Combinations of slow and fast carrier and plume release rates were crossed with the following 
conditions:  no shrimp mimic, 1 shrimp mimic (dye release source), and 2 shrimp mimics (one 
source and one 6 cm downstream).  Release rate was more influential in determining plume 
structure and direction than carrier flow.  Plumes retained their characteristics and did not 
become turbulent even in the presence of obstructions (shrimp mimcs).  Communication between 
burrows was modeled using two porous burrow mimics built in natural sediment, 3.5 ml min
-1
 
burrow effluent pumping rate, and 5 cm s
-1
 flow condition in a race track flume.  Rhodamine-
FWT effluent was tracked using fluorometery.  The effect of burrow water density (natural and 
neutral) and pumping activity of the downstream burrow were crossed.  A non-uniform zone of 
burrow water was established in the sediment surrounding the source burrow.  Dilution of 1-2 
orders of magnitude occurred between the effluent in the burrow and porewater, but 3-4 orders of 
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magnitude in the surface sediments and downstream burrow.  Density affected the concentration 
of effluent in the porewater around the source and downstream burrow.  Pumping activity of the 
downstream burrow also affected dye distribution. 
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CHAPTER 1 
INTRODUCTION 
1.1 Chemical communication 
The success of an organism in avoiding predators or finding food, mates and suitable 
habitat depends on its ability to receive and process input in the form of visual, chemical, 
acoustic, thermal or mechanical stimuli from the surrounding environment.  Of these, 
chemoreception is used by all living creatures to assess their environments and this ability is 
thought to have arisen in the first cells (Hildebrand 1995).   Much of what is known of 
chemosensation and related orientation behaviors has been gleaned from studies of terrestrial 
insects, although aquatic crustaceans possess similar abilities and have been gaining scientific 
attention (Ache 1982, 1988).  Aquatic crustaceans are represented by more than 27,000 species 
amongst which decapods have been well studied (Dunham 1983).  They often inhabit turbid, 
acoustically noisy, or dark environments in which chemoreception might be relatively more 
effective than other sensory modalities. (Dodson et al. 1994; Dunham 1983).              
Chemical cues offer many advantages over other forms of stimuli in aquatic 
environments.  Chemical signals are longer lived in aquatic environments than mechanical cues 
and carry with them information that allows the discrimination among predator, prey, competitor 
or potential mate (Dodson et al. 1994; Salmon 1983).  While chemical cues act upon individuals, 
their use in predation, mate finding, and other important ecological interactions can affect 
population and community level processes.  In hard substrate communities, the barnacle 
Semibalanus balanoides settles in response to a chemical footprint adsorbed onto surfaces 
recently traversed by conspecifics (Wethey 1984).  The use of fresh conspecific cues ensures that 
the larvae settle in suitable habitat and in range of potential future mates, thus contributing to the 
health of the population and potentially the community composition.  In soft sediment 
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communities, halogenated aromatic compounds secreted by certain polychaete and hemichordate 
worms have long residence times in the sediments where they inhibit the settlement of several 
species of potential competitors (Woodin 1991; Woodin et al. 1997; Woodin et al. 1993).  
Waterborne cues may have similar impacts.  The barnacle Balanus amphitrite (Rittschof 1993) 
responds to dissolved settlement inducers, while larvae of the ghost shrimp, Callichirus major, 
exhibit decreased developmental time when exposed to water with cues from adults (Strasser & 
Felder 1999).  Induced swimming responses and altered larval readiness to settle increase 
recruitment to a habitat that can influence population size and community composition.    
Chemical cues mediate interactions between conspecifics by providing information 
crucial for accessing potential mates and competitors.   Mate attraction and the release of 
courtship behaviors are often signaled via urine-borne pheromones in crustaceans including the 
American lobster (Homarus americanus (Atema 1986; Atema et al. 1979; Bushmann & Atema 
1997; Cowan & Atema 1990; McLeese 1973), blue crab (Callinectes sapidus), and Portunus 
sangunolentus (Gleeson 1991; Salmon 1983).  These cues can be used to identify the dominance 
of an individual, as in H. americanus (Atema 1986; Cowan & Atema 1990; McLeese 1973).  
Female H. americanus select a mate based on the dominance of the male cue found in urine 
(Atema 1986; Cowan & Atema 1990; McLeese 1973).  Whereas the stomatopods Gonodactylus 
festae, G. zacae, and G. bahaihondensis all exhibit the ability to chemically recognize 
individuals with whom they have had previous agonistic encounters and avoid further 
confrontations (Caldwell 1979, 1982). G. bredini also has the ability to recognize recent mates, 
thus decreasing the likelihood of evicting a female brooding one’s own progeny (Caldwell 1992).   
Chemical cues are often used during predator-prey interactions by both predators and 
prey.  Feeding related behaviors such as arousal and search in response to chemical stimuli from 
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prey items have been documented in C.  sapidus, (Finelli et al. 2000), H. americanus, spiny 
lobster (Panulirus argus) (Ache 1982; Derby & Atema 1988), the red king crab (Paralithodes 
camtschaticus) (Zhou & Shirley 1997), and the California Spiny lobster, P. interruptus (Zimmer-
Faust et al. 1984).  Chemical cues released by predators are detectable by prey species and can 
influence prey behavior, often mitigating the effects of predation at the community level.  In soft 
sediment communities, Smee and Weissburg (2006) found that the clam, Mercenaria 
mercenaria, significantly reduced its pumping activities in response to waterborne chemical 
signals released by it predators C. sapidus and knobbed whelks, Busycon carica.  In some marine 
communities, predator-induced changes in prey behavior (so-called trait mediated indirect 
interactions, TMII) are strong enough to alter the extent to which a prey can use its resources 
(Trussell et al. 2004).  For example, in rocky tide pool communities waterborne cues from the 
green crab, Carcinus meanus, were enough to reduce the grazing activities of two snails, Nucella 
lapillus and Littorina littorea, on barnacles, S. balanoides, and a fucoid algae, Ascophyllum 
nodostan (Trussell et al. 2003).  The TMIIs were a great deal more influential in reducing the 
transfer of energy along the simple food chain than was direct consumption of prey items 
(Trussell et al. 2006).                
1.2 Environmental factors that affect chemical cue dispersal and reception  
 Fluid dynamics govern the dispersal of chemical cues in aquatic environments (Finelli et 
al. 2000; Moore & Atema 1991; Weissburg & Zimmer-Faust 1993, 1994; Weissburg et al. 1998; 
Weissburg 2000).  The dispersal of chemicals can be described in terms of diffusive (chemical 
diffusion by Brownian motion) and advective forces, but for most macroscopic organisms, flow 
is turbulent (Vogel 1994).  Advection transports the odor molecules in the direction of bulk flow, 
while turbulent diffusion spreads and mixes the plume laterally.  Flow in benthic habitats is 
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dominated by velocity gradients that arise from the interaction of water with the seafloor.  
Whenever a fluid flows over a solid surface, the molecules in contact with the surface tend to 
stick (non-slip condition, Vogel 1994), creating a layer for which the velocity of the fluid is zero 
(Vogel 1994).  As distance from the boundary increases so does the velocity of fluid, thereby 
creating a gradient (Vogel 1994).  Where the boundary is smooth, a viscous sublayer into which 
turbulence does not penetrate may form.  The thickness of this layer is inversely proportional to 
the velocity of the water (Vogel 1994).  Under conditions for which the viscous sublayer is 
prominent, odor molecules spread out in all directions forming a sheet in which concentration 
decays exponentially with distance from the source (Atema 1988; Weissburg & Zimmer-Faust 
1993).    
Turbulent odor plumes are comprised of intermingling filaments of odor separated by 
areas of clean water. The movement of these filaments is seemingly chaotic; however the 
distribution of filament properties may provide navigational information for organisms (e.g. 
Finelli et al. 1999).  Webster and Weissburg (2001) found that both location of the odor source 
above the bed and release rate of odorant molecules influenced the characteristics of turbulent 
odor plumes.  Odors released isokinetically with bulk flow may remain coherent and at high 
concentrations when released near the bed, whereas they became more dilute and 
homogeneously mixed when released further from the bed (Webster & Weissburg 2001).  Faster 
release rates resulted in less lateral spreading of the plume, which became trapped in the viscous 
sublayer in near-bed release (Webster & Weissburg 2001).                 
 Chemical release rate and the composition of an odor can also influence the ability of an 
organism to detect it against a background (Finelli et al. 2000).  Release rate may be more of a 
concern in open channel conditions with relatively high mixing rates, whereas within the 
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constrained geometry of a burrow where mixing is suppressed the chemical composition of an 
odor may be more important.  The burrow environment of common crustaceans is enriched with 
metabolic wastes and geochemically important chemical species.  For example, the burrow water 
of Lepidophthalmus louisianensis is more similar to deep porewater at 40 cm depth with ten 
times the ammonia, two times the nitrate+nitrite and phosphate concentrations as compared to 
surface water, whereas Callichirus islagrande’s burrow water is more similar to surface water, 
but has twice the ammonia (Felder & Griffis 1994).  Whether such enrichment interferes with 
detection of behaviorally important chemicals is uncertain, but cannot be dismissed without 
explicit experimentation. 
A number of studies have addressed which aspects of fluid dynamics hold the greatest 
influence on navigation in an odor plume by crustaceans.  Atema (1995) found that the search 
strategy used by H. americanus varied with flow speed and turbulence. When confronted with 
odor under low flow conditions, lobsters reduced both their walking speed and the frequency of 
antennular flicking (Atema 1995).  In a turbulent plume, lobsters used chemotaxis as directed by 
their antennules to orient into the plume and cross the plume at large angles that eventually 
decreased as distance from the source decreased (Atema 1995).  The angle of the lobster’s path 
and the walking speed increased as it switched to taste using receptors in its legs as the odor 
became stronger (Atema 1995).  It appears that lobsters are able to navigate a plume exclusively 
using chemotaxis due to the distance from their body that their antennules extend (Atema 1995).  
Similarly, foraging efficiency of C. sapidus is dependent on flow speed (Weissburg & Zimmer-
Faust 1993).  Weissburg and Zimmer-Faust (1993) examined the foraging efficiency and success 
of C. sapidus feeding on live infaunal bivalves, M. mercenaria, under three flow regimes (fast, 
slow, and no flow) generated in a flume.   They found that both search efficiency and predatory 
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success was greatest at low flow, followed by high flow and lastly no flow conditions.  They also 
increased turbulence by using gravel instead of sand as a substrate and found the search and 
predatory success to be similar to that experienced in fast flow.  Weissburg and Zimmer-Faust 
(1993) concluded that the crabs were using the viscous sublayer to navigate the odor plume and 
that higher or no flow regimes produced a refuge for the prey as both conditions caused a 
decrease in predatory success.  Factors affecting odor plume navigation efficiency for C. sapidus 
measured under natural conditions included both flow speed and the rate of odor release from 
prey items (Finelli et al. 2000).   Under natural flow conditions, crabs foraging for injured clams 
or oysters were most efficient under moderate flow velocities.  This was most likely due to the 
tendency of odor plumes at lower flows to spread more horizontally with distance than ones at 
higher flows (Finelli et al. 1999).  They concluded that C. sapidus used odor-mediated rheotaxis 
as a means of plume navigation (Zimmer-Faust et al. 1995; Finelli et al. 2000) and determined 
that higher release rates of the cues also increased plume navigation efficiency.   
 While virtually all the work on chemoreception in aquatic habitats has been conducted in 
open channels, many organisms live in temporary or permanent burrows and tubes for which 
odor dispersal may be quite different.  Even in musing by Vickers (2000) on environments in 
which the navigation via chemical cue might be used, infaunal habitats are not mentioned.  
Water flow in an enclosed environment such as a burrow can be treated as flow in a pipe (Vogel 
1994).   In the case of flow through a pipe, boundary layers form along all sides of the pipe 
creating a parabolic velocity gradient with maximum flow speeds at the center of the pipe (Vogel 
1994).  Laminar flow in pipes is more robust to imperfections in the pipe wall (Vogel 1994), 
suggesting that odor dispersal will be substantially different within a burrow than in an open 
channel.  One great difference between flow in an open channel and a pipe is that once turbulent 
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conditions form in a pipe, they become wildly unpredictable (Vogel 1994).  Reynolds (1883) 
found that the combination of following four factors governed the transition from laminar flow to 
turbulent:  the speed of the fluid, the pipe’s diameter, the density of the liquid, and the viscosity 
of the liquid.  The Reynolds number (Re) is the combination of these variables that produces a 
dimensionless parameter that describes the nature of flow, and thus mixing, in the pipe 
(Reynolds 1883).  In a circular pipe a Re < 2000 indicates that viscous forces dominate and flow 
is laminar where as a Re > 2000 indicates turbulent flows (Vogel 1994).  Reynolds (1883) also 
demonstrated that obstructions in a pipe can cause turbulent flow at lower Reynolds number. 
Though at very low Reynolds numbers, larger obstructions can be tolerated without inducing 
turbulence (Vogel 1994).      
 Another consideration to take into account is that burrows are often constructed in the 
sediments, which are a porous medium.   Water not only enters burrows through the opening at 
the sediment surface, but also from the porespace in the sediments.  The exchange of water from 
the porespace to the burrow is much slower than exchange with the overlying water due to the 
tortuousity, or path around the sediment particles that porewater must travel (Berner 1980).  
Chemical exchange from porewater is thought to be driven by molecular diffusion with the main 
factor being the surface area of the burrow, which is assumed to be cylindrical by modelers, and 
bioirrigation is considered negligible (Berner 1980).  Huettel and Gust (1992) observed that 
mounds and other biological structures can enhance porewater exchange in the sediments via 
advection penetrating several centimeters into the sediments.  Solute exchange in sandy 
sediments is enhanced by empty burrow structures in the presence of waves (Webster 1992).  
Possible effects of this phenomenon on chemical transport through the sediments and around 
burrows have also been ignored by modelers of chemical transport.  It is possible that currents 
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generated by bioirrigation coupled with advective transport could carry chemical cues through 
the sediments.   
The sedimentary domain of thalassinidean shrimps’ is devoid of light and the use of 
acoustic or chemical stimuli are likely to be the only means of distinguishing between 
competitors, predators or potential mates before tactile contact is made.  They inhabit burrows of 
varied structure in sediments of varied permeability; both factors affect the flow regimes in 
burrows, which limit the utility of navigation via chemical plume.  The investigation of 
chemosensory cues used by infaunal crustaceans should be the next step in the ongoing catalogue 
of adaptations to complex environments. 
1.3 General considerations of thalassinidean shrimp 
 Burrowing thalassinidean shrimps are common in soft-sediment intertidal and subtidal 
communities worldwide (Felder & Griffis 1994; Felder & Rodrigues 1993; Griffis & Suchanek 
1991).   Three species of thalassinidean shrimps, Lepidophthalmus louisianensis, Callichirus 
islagrande, and Callichirus major, comprise the dominant infauna of many coastal habitats in 
Louisiana (Felder & Griffis 1994).   They can move up to 41 g of wet sand per burrow per day in 
the case C. islagrande and exist in densities as high as 400 m
2
 in the case of L. louisianensis 
(Felder & Griffis 1994).   Due to their size, burrowing activity and high densities, thalassinideans 
influence the sediment geochemistry, nutrient fluxes, bacterial biomass, and community structure 
both of macro infauna and meiofauna (Berkenbusch & Rowden 2003; Branch & Pringle 1987; 
Dobbs & Guckert 1988; Felder & Griffis 1994; Nates & Felder 1998; Posey 1990; Posey et al. 
1991).   
 Most studies of thalassinideans focus on their abundance and their effect on community 
structure of other infauna and sediment chemistry.  Very little is known about their behavior 
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(Stamhuis et al. 1996), because with the exception of short pelagic larval stages, most species 
spend their adult lives within their burrows (Griffis & Suchanek 1991).  Aggressive behavior has 
been noted in ghost and mud shrimp when their burrows are connected and often regardless of 
sex (Coelho et al. 2000; Feldman et al. 2000).  Coelho et al. (2000) were uncertain as to what 
factors resulted in aggressive interactions.  It is possible that thalassinideans are communicating 
chemically.  Behaviors attributed to the use of chemical cues in other species of crustaceans have 
been observed by Shimoda et al. (2005) such as pleopod fanning toward intruders, though not 
attributed by the author to chemical communication.  Corallianassa longiventris will remove the 
plug at the mouth of its burrow in response to the odor of plant material or detritus on the 
sediment above (Dworschak personal communication).  Larval and juvenile C. major respond 
behaviorally and physiologically to the odor of adult conspecifics in the water column and sand 
(Strasser & Felder 1999). 
1.4 Investigation of chemical communication in thalassinidean shrimp and their hydrodynamic 
environment 
I performed three sets of experiments to examine biological and physical aspects of 
chemical communication by three species of thalassinidean shrimp, Lepidophthalmus 
louisianensis, Callichirus islagrande, and Callichirus major, from the Northern Gulf of Mexico 
and the transport of odor plumes within and between burrows.  These experiments addressed the 
following objectives:   
1. Determine whether Lepidophthalmus louisianensis, Callichirus islagrande, and 
Callichirus major can use chemical cues to distinguish between the sex of 
conspecifics.  
2. Determine the effects of water flow and cue release speed on the characteristics of an 
odor plume in a model burrow in the presence of a shrimp. 
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3. Determine whether burrow water can be passed between burrows from the water 
column or through the sediments.  
1.4.1 Objective 1  
 To explore the possible use of chemical cues by adult thalassinidean shrimp, I tested the 
following hypotheses through a series of laboratory experiments. 
Ho1:  Thalassinidean shrimp cannot detect chemical cues of conspecifics. 
Ho2:  Thalassinidean shrimp cannot distinguish the sex of a conspecific emitting the 
chemical cue. 
I conducted experiments to test the ability of thalassinidean shrimp to detect conspecifics 
via chemical cues using three species of shrimp collected from two field locations.  
Lepidophthalmus louisianensis were collected from the Washington street public beach in Bay 
St. Louis, MS.  Callichirus islagrande and Callichirus major were collected from the north side 
of Isle Dernieres, LA.  I performed behavioral experiments using a modified y-maze 
configuration to simulate burrow conditions and test shrimp responses to chemical cues released 
by conspecifics.  The y-maze configuration was especially appropriate for these species given 
their burrow geometry.  The time budget of the shrimp in relation to their location in the y-tube 
both in the presence and absence of conspecifics male and female chemical cues was measured 
and analyzed.  Discrete behaviors were also recorded and analyzed.   
      I expected to find that adult Lepidophthalmus louisianensis, Callichirus islagrande, 
and Callichirus major have the ability to communicate using chemical cues.  Response to 
chemical signals released by conspecifics has been observed in larval and juvenile C. major 
(Strasser & Felder 1999), which makes it likely that adults retain the ability to detect chemical 
cues.  I also expected that shrimps can distinguish the sex of an individual shrimp using chemical 
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stimuli as do other burrow- and den-dwelling crustaceans, for example stomatopods (Caldwell 
1979, 1982, 1992) and H. americanus (Atema 1986; Cowan & Atema 1990).  Some variation in 
the behavioral responses to the odor of conspecific shrimp was expected between the sexes and 
possibly between the species.  These variations might be explained by differences lifestyle and 
whether the cue is that of a possible competitor or mate.  The three focal species of ghost shrimp 
occur in varying densities and construct burrows of varying morphology, all of which might 
influence their behavior.  Differences in behavior evoked by conspecific chemical cues occur 
between the sexes of other crustaceans such as portunid crabs (Gleeson 1991; Salmon 1983) and 
H. americanus (Atema 1986; Cowan & Atema 1990).   
My results show that in each species, behavior changed significantly when exposed to 
odors released by conspecifics.  However, I was unable to detect common trends in odor 
mediated behavior; each species and sex within species responded differently to odors.   
1.4.2 Objective 2 
 Because odor plume structure has been shown to be critical to odor-mediated navigation 
by epifauna, I used a series experiments in order to examine the distribution of odors within 
plumes created in a model burrow at varied water and odor release speeds.  The effects of 
obstructions in the burrow, such as shrimp bodies, on plume dispersal were characterized.  The 
following hypotheses were tested. 
Ho4:   There is no difference in the distribution of an odor plume in a model burrow when  
the rate of plume release and burrow water speed are varied in the absence of a   
shrimp form. 
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Ho5:  There is no difference in the distribution of an odor plume in a model burrow when 
the rate of plume release and burrow water speed are varied in the presence  of a 
shrimp form. 
I modeled odor plume dispersal within a burrow using a series of laboratory experiments.  
These experiments were carried out in an environmental chamber at the LUMCON Defelice 
Marine Center in Cocodrie, LA, in order to control temperature and lighting conditions.  The 
chamber was set at 20º C for the duration of the experiments and lighting was provided by a blue 
LED light source.  Control of temperature is necessary, because temperature driven density 
differences between the plume water and the burrow water are quite large on a small scale.   
The model burrow, made of clear acrylic tubing, was used to allow for ease of 
observation in a uniform environment.  Model burrow diameter was within the range of those 
measured in the field.  The use of fluorescein dye provided visible plumes for characterization.  
Shrimp mimics, in the form of preserved dead C. islagrande, were used to test the effects of 
body form on upstream plume propagation on odor distribution.         
All physical transport rates that were used for experiments were based on field 
measurements and laboratory behavioral observations from Stanzel & Finelli (2004) for C. 
islagrande.  Carrier flow speed (water moving through the pipe) and plume release rate were 
paired in the following combinations slow carrier flow and slow plume release (ss); slow carrier 
flow and fast plume release (sf); fast carrier flow  and fast plume release (ff); and fast carrier 
flow and slow plume release (fs).  The speed combinations of were tested under each of the 
following conditions with no mimic present, one mimic on the plume release end and two 
mimics, one on the plume release and the other located downstream facing into the flow.  Image 
analysis was used to compare plume dispersal for each treatment.  
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I expected that the pumping speed of both the burrow water and the odor in the presence 
of a shrimp mimic(s) would cause plume behavior to deviate from parabolic flow conditions, 
since an increase in flow speeds and presence of obstruction in a pipe can influence the transition 
from laminar to turbulent flow (Reynolds 1883). 
  My results show that odor dispersal in a model burrow is laminar, unlike conditions 
faced by epifauna.  Varying the release rate of odor, mimicking either passive release or more jet 
like release of a urine stream, altered the fine scale distribution of odorant but did not induce 
turbulent fluctuations or creation of turbulent filaments.  These results suggest that infaunal 
shrimps confront a unique environment for which the suite of chemical and physical cues are 
very different than those experienced by epifauna.  
1.4.3 Objective 3 
  Because communication between adjacent burrows may be important for population and 
community interactions, I examined the conditions under which inter-burrow communication 
may occur.  The possibility of whether chemical cues can be passed between burrows was 
examined by testing the following hypotheses. 
Ho6: The dispersal of burrow effluent from one burrow to another does not differ with 
pumping activity of the second burrow.   
Ho7: The transfer of burrow effluent from one burrow to another does not differ as 
effluent density is varied. 
The possibility of the transfer of chemical cue above or through the sediments via burrow 
effluent plume was tested using the large race track flume located at the LUMCON Defelice 
Marine Center in Cocodrie, LA.  This allowed me to carry out experiments under conditions of 
controlled unidirectional water flow in natural sediments.   Two burrow mimics were constructed 
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to simulate burrow pumping activity and burrow effluent transport.  The upstream burrow release 
effluent containing Rhodamine-FWT.  The burrows pumped in 10-minute intervals like those 
observed by Stanzel & Finelli (2004).  The second downstream burrow pumped cleared water for 
treatments requiring burrow activity.   Both burrows pumped at the appropriate rates for C. 
islagrande estimated from Stanzel & Finelli (2004).  Burrow effluent from the source burrow 
was tracked through the sediments using fluorometry.   
  The following treatments were performed under water flow conditions of 5 cm/s in the 
flume.   Two density treatments of burrow effluent, neutrally buoyant and natural density, were 
observed.  Regarding the center burrow, the two treatments of active pumping and inactive were 
used.  The pumping activity treatments allowed me to determine what roles the external burrow 
structure and pumping activity have dispersal of the plume emitted from the first burrow.  The 
following combinations of these factors were examined:  neutral density and active; natural 
density and active; neutral density and inactive; and natural density and inactive.   
I expected that burrow effluent density would make a difference in the transport of 
chemical stimuli from one burrow to the next.  This expectation was based on the proximity of 
the burrow effluent to the sediment surface such that the plume that has the same density ratio to 
the surface water as that of a shrimp burrow will move slowly keeping contact with the bottom 
(Personal observation).  Whereas the burrow structure may influence effluent plume dispersal 
into a burrow downstream, I expected to find that pumping action in the downstream burrow will 
enhance any advective transport caused by the burrow structure.  The presence of empty burrows 
(Webster1992) and other burrow related structures (Huettel and Gust 1992) have been shown to 
increase advective transport through the sediments as well as burrow ventilation in dead end 
burrows (Meysman et al. 2006).   
15 
  
My results indictate that odorant may be forced into the sediments by activity in the 
“source” burrow, thereby communicating with any shrimp burrowing through this zone.  
Communication from burrow to burrow through the water column may also be possible, as 
odorant was observed entering the sediments and burrow lumen at the “receiving” burrow.  This 
process was aided by pumping at the “receiving” burrow and by increased density of the burrow 
effluent.   
1.5 Significance   
 The multidisciplinary approach that I have taken in this study provides behavioral 
information on three species of ghost shrimp ubiquitous to the coastal Gulf of Mexico, and 
provides insight into how they might use chemical communication on small and large scale.  
Understanding the signals used by infaunal shrimps to distinguish among competitors, predators, 
and potential mates, will further allow us to examine population or community level processes.   
If porewater transport of chemical cues is important, then the composition of the sediments or 
burrow structure may affect intra and interspecies communication.  Such information may 
contribute to important applied questions regarding coastal restoration and aquaculture.  The 
effect of anthropogenic contaminants on chemoreceptive capabilities of ghost shrimp may need 
to be considered in assessing the impact of chemical spills in soft-sediment communities.   Ghost 
shrimp are the dominant fauna along many threatened coastlines, any knowledge of their ecology 
may prove invaluable in maintaining healthly populations.  Finally, knowledge of chemical 
communication in ghost shrimp may eventually lead to a method of controlling their populations 
in shrimp farm ponds where they are considered pests.  
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CHAPTER 2 
CHEMICAL COMMUNICATION BETWEEN CONSPECIFICS IN THREE SPECIES OF 
GHOST SHRIMP (THALASSINIDEA) FROM THE NORTHERN GULF OF MEXICO 
 
2.1 Introduction 
 Burrowing thalassinidean shrimps are common in soft-sediment intertidal and subtidal 
communities worldwide (Felder & Griffis 1994; Felder & Rodrigues 1993; Griffis & Suchanek 
1991).   Three species of thalassinidean shrimps, Lepidophthalmus louisianensis, Callichirus 
islagrande, and Callichirus major, are the dominant macroinfauna of many coastal habitats in 
the northern Gulf of Mexico (Felder & Griffis 1994).  C. islagrande and C. major, sympatric 
deposit feeders, inhabit burrows in the intertidal zones of sandy beaches along high salinity bays 
and the Gulf of Mexico (Felder & Griffis 1994).  Their burrows are randomly distributed in the 
intertidal zone (personal observation).   L. louisianensis, burrows in the muddy sediments of the 
intertidal and subtidal zones of low-salinity estuaries in the northern Gulf of Mexico (Felder & 
Griffis 1994).   All three species are considered ecosystem engineers due to their influence over 
both the physical matrix of the sedimentary environment and on the exchange of mass and 
energy between the benthos and water column.  For example, they can move up to 41 g of wet 
sand per burrow per day in the case of C. islagrande and population densities reach as high as 
400 m
-2
 in the case of L. louisianensis (Felder & Griffis 1994).   Due to their size, burrowing 
activity and high densities, thalassinideans influence sediment geochemistry, nutrient fluxes, 
bacterial biomass, and community structure both of macro infauna and meiofauna (Berkenbusch 
& Rowden 2003; Branch & Pringle 1987; Dobbs & Guckert 1988; Felder & Griffis 1994; Nates 
& Felder 1998; Posey 1990; Posey et al. 1991).   
 Most studies of thalassinideans focus on their abundance and their influence on benthic 
community structure and sediment biogeochemistry.  Very little is known about their behavior 
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(Stamhuis et al. 1996), because with the exception of short pelagic larval stages, most species 
spend their adult lives within their burrows (Griffis & Suchanek 1991).  Aggressive behavior has 
been noted in ghost and mud shrimp when their burrows are connected and often regardless of 
the sex of the shrimp (Coelho et al. 2000; Feldman et al. 2000).  Coelho et al. (2000) were 
uncertain as to what factors caused interactions to turn aggressive.  It is possible that 
thalassinideans communicate chemically.  For example, mate attraction and the initiation of 
courtship behaviors are often signaled via urine-borne pheromones in crustaceans including 
Homarus americanus (Atema 1986; Atema et al. 1979; Bushmann & Atema 1997; Cowan & 
Atema 1990; McLeese 1973), Callinectes sapidus and Portunus sangunolentus (Gleeson 1991; 
Salmon 1983).  These cues can also be used to signal dominance hierarchies as in H. americanus 
(Atema 1986; Cowan & Atema 1990; McLeese 1973).  Female H. americanus select mates 
based on the dominance of the male cue found in urine (Atema 1986; Cowan & Atema 1990; 
McLeese 1973).  Stomatopods Gonodactylus festae, G. zacae, and G. bahaihondensis all exhibit 
the ability to chemically recognize individuals with whom they have had previous agonistic 
encounters and thus avoid further confrontations (Caldwell 1979, 1982).  Male G. bredini also 
has the ability to recognize recent mates, thus decreasing the likelihood of evicting a female 
brooding one’s own progeny (Caldwell 1992). 
 In order to study the role of chemical cues in conspecific interactions between adult 
thalassinidean shrimp, I examined the time budgets of three species of shrimp exposed to 
chemical cues emanating from conspecifics of both sexes.  The frequency of observed behaviors 
was also compared.  Behaviors and time budgets from choice experiments were used to 
determine whether Lepidophthalmus louisianensis, Callichirus islagrande, and Callichirus major 
had the ability to distinguish the sex of conspecifics via chemical cues.   
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2.2 Methods 
2.2.1 Collection and maintenance of study organisms 
I collected shrimps from two primary field locations:  Washington street public beach in 
Bay St. Louis, MS, in the case of L. louisianensis or the north side of Isle Dernieres, LA, for C. 
major and C. islagrande.  I collected specimens of L. louisianensis on May 13, 2004, July 9, 
2004, and August 12, 2005; C. major on March 11, 2004, April 15, 2004, and December 12, 
2005; C. islagrande on September, 12, 2005, October 10, 2005 and December 12, 2005. 
I extracted shrimp from their burrows using manual-suction bait (yabby) pumps, and placed them 
in numbered, perforated, plastic vials submerged in buckets of aerated seawater for 
transportation to the lab.  Upon arrival in the laboratory, I identified the species and sex of all 
shrimp and measured their wet weight, total length, carapace width and abdominal width.  All 
shrimp were returned to their vials and held in buckets of aerated seawater of the salinity 
appropriate to their habitat at the time of collection.  All shrimp were allowed to acclimate for 
two days prior to the commencement of experiments.   Males and females where kept in separate 
buckets when it was necessary to obtain seawater with male or female odor cues.   
2.2.2 Experimental apparatus  
 Experiments were conducted to test the ability of ghost shrimp to detect conspecifics via 
chemical cues in an environmental chamber at the LUMCON Defelice Marine Center in 
Cocodrie, LA.  All experiments took place under red light and at a constant temperature (20ºC).  
We used a modified y-maze configuration to simulate burrow conditions and to test shrimp 
responses to chemical cues released by conspecifics.  The y-maze configuration was especially 
appropriate for these species given their burrow geometry (Fig. 2.1).  The apparatus consisted of 
transparent vinyl tubing in the shape of a large “Y”.  Each arm of the “Y” was connected to a 
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reservoir from which experimental solutions flowed.  A single 19-L jug fed the two reservoirs 
with new water.  The water flowed from the arms into the bend (junction of all three arms) and 
out through the stem of the “Y”.  Natural seawater diluted to the appropriate salinity with 
distilled water was used in the experiments.  New water was used for all observations.  
Appropriate salinity for each observation was determined by measurements taken at the time and 
location of collection.  Observations of L. louisianensis were conducted using the following 
salinities for animals collected May 13, 2004, 15 ppt; July 9, 2004, 5 ppt; and August 12, 2005, 
11 ppt.  The observations for C. major  and C. islagrande were carried out using water at the 
following salinities for animals collected March 11, 2004, 28 ppt; April 15, 2004, 25 ppt; and 
December 12, 2005, 34 ppt.    
 
Figure 2.1 Diagram of Y-maze apparatus. 
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I constructed two Y-tubes with different sized tubing to best match the size of the tube to 
individual shrimp.  The small y-tube had a diameter of 1.50 cm and the following arm lengths: 
23.0 cm for the stem, 18.0 cm for both the left and right arms.  The medium y-tube had the 
following dimensions:  a diameter of 1.90 cm, right arm length of 19.0 cm, left arm length of 
19.0 cm, and stem length of 24 cm.  The large y-tube had a diameter of 2.60 cm and the two 
arms and the stem each measured 23.00 cm in length.  Felder & Griffis (1994) found that the 
carapace length was related to burrow diameter and volume for C. major, C. islagrande, and L. 
louisianensis.   The tubes were constructed from clear vinyl tubing that was joined in the middle 
using heat and clear silicon caulking.  The ends of each tube where capped with plastic hose 
barbs to allow for connection to the water sources and to prevent the escape of the test shrimp. 
2.2.3 Choice experiments 
To conduct a trial, a shrimp was introduced to Y-tube and allowed to acclimate for 30 
minutes.  For each species, the following three chemical cue treatments were used in reservoirs:  
no shrimp was present (no cue), a shrimp of the same sex as the shrimp in the tube was present 
(same-sex), and a shrimp of the opposite sex was present (opposite-sex).  The initial acclimation 
period was always followed by the no cue treatment then an experimental treatment.  Each 30-
minute observation period was followed by a 30-minute rest period in which water flow from the 
reservoirs was cut off.  At the beginning of the rest period, a shrimp was added to one of the 
reservoirs in order to introduce shrimp cue to the water.  A 30-minute observation period 
followed.  The treatments were alternated between the left and right reservoirs.  To control for 
any effect of the presence of live shrimp in the experimental reservoir, we repeated these choice 
experiments using scented water (previously incubated for 24 hours with the appropriate 
sex/species combination) in place of a live shrimp.   
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The Y-tube was divided into four regions:  right arm, left arm, bend (the junction of the 
three branches extended 2 cm into each arm) and tail, which was referred to as the tail.  The 
amount of time spent in each region of the Y-tube by the shrimp was recorded to the nearest 15 
seconds.  Location and frequency of behaviors exhibited by the shrimp were recorded and 
described. 
2.2.4 Analysis of choice experiment time budget 
 I calculated the mean percentage of time spent in each portion of the Y-tube during 
treatment.  The experimental design required that each odor cue trial had a corresponding control 
trial in which no odorant was present.  The distribution of time spent in each location of the tube 
was compared between these pairs using chi-squared analyses. This analysis was performed for 
each treatment of female (test subject)-female (odor), female-male, male-female, and male-male 
trials for all three species.  The analysis was repeated for both trials with live shrimp as the odor 
source and incubated water as the odor source.  Responses of test shrimp to different odor 
sources (live shrimp vs. incubated water) were then compared using chi-square. For descriptive 
purposes the position of the focal shrimp in various portions of the tubes:  time spent or 
movement into the treatment arm of the tube was considered an attraction (positive) response 
time spent in or movement into the control arm of the tube that was considered an avoidance 
(negative) response; time spent in or movement into the junction of the arms of the y-maze or in 
the tail of the y-maze was considered a neutral response (e.g. shrimp could encounter both 
experimental and control solutions). The junction area (bend) and tail of the tube were analyzed 
as separate locations in the chi-square analysis with a Bonferroni corrected alpha (α= 0.025), but 
were combined into one region, the tail, for the description of attraction, avoidance or neutral 
responses to odor cue treatments.       
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2.2.5 Analysis of behavior from choice experiments 
 Frequencies of observed behaviors were pooled for replicate trials of each treatment for 
all three species.  The distribution of behavior counts were then compared using Chi-square 
analysis between treatment and no treatment (control) in trials in which the animal was presented 
as the cue.  The analysis was repeated for the trials in which the odor cue only was presented.  
The difference in the distribution of behavior counts was compared between the animal 
treatments and odor only treatments.  All comparisons were performed for all sex combinations 
of treatment and experimental animal.   
2.3 Results 
2.3.1 Time budgets in response to live animal  
 I conducted the following choice trials for Callichirus major: 10 female (test subject)-
female (odor), 10 female-male, 10 male-female, and 10 male-male treatments.   Using Chi-
squared analysis, I found that the distributions of the time spent in four regions of the Y-tube by 
the test shrimp differed between experimental and control trials (Table 2.1).  The difference in 
distribution was significant for all treatments regardless of the sex of test shrimp.   
 Female C. major responded to female conspecifics by increasing the amount of time 
spent in the bend, while time spent in the treatment arm and control arm decreased (Fig 2.2).  I 
interpret these results to indicate a neutral response of female C. major to other female C. major 
because the test shrimp spent the majority of their time in locations that contained odor 
(treatment arm, bend, tail); rather than in the control arm of the y-maze (Table 2.2).  When 
confronted with a male cue, female C. major increased the amount of time spent in the tail and 
decreased time spent in the control arm (Fig 2.2), again, indicating a neutral response to  
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Figure 2.2 Percentage of time spent in each arm of the y-tube before and after an animal 
treatment was added.  The numbers on the sides of the triangles represent the percentage of time 
spent in each arm of the y-tube.     
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conspecific males.  The difference in distributions between experimental and control trials was 
greater in the female-male trials than in the female-female trials, indicating a stronger response 
to opposite sex conspecifics than to same sex conspecifics. 
 The time budget in the male-female treatment for C. major indicates a strong positive 
response of males to female cues, as the males increased their time in the experimental arm over 
the control period (Fig 2.2) (Table 2.2).    In same sex trials, male C. major spent similar 
amounts of time in the tail while increasing the amount of time they spent in the control arm as 
compared to the no cue trials (Fig. 2.2).  The shift indicates an avoidance of male cue by other 
male C. major.  Male C. major exhibited a strong attraction response toward female cues and a 
mixture of neutral and avoidance responses to male cues (Table 2.2). 
Table 2.1 Values for Chi-squared analysis of time budgets in animal cue y-tube trials 
Species Experimental 
sex 
Cue sex df X
2
 p-value 
C. major female female   3    1196.9973 <0.0001 * 
C. major female male   3 9139.9107 <0.0001 * 
C. major male female   3 2342.3986 <0.0001 * 
C. major male male   3   982.7879 <0.0001 * 
C.islagrande female female   3 3134.0515 <0.0001 * 
C.islagrande female male   3 1491.2988 <0.0001 * 
C.islagrande male female   3 1780.6942 <0.0001 * 
C.islagrande male male   3 1482.9050 <0.0001 * 
L.louisianensis female female   3 1321.1437 <0.0001 * 
L.louisianensis female male   3   534.771 <0.0001 * 
L.louisianensis male female   3   273.1289 <0.0001 * 
L.louisianensis male male   3   562.3707 <0.0001 * 
* Indicates significant differences between the control and animal cue time budgets (α = 0.025 
adjusted using Bonferroni). 
 
 
 I performed the following choice trial using Callichirus islagrande: 10 female-female, 10 
female-male, 10 male-female, and 10 male-male treatments.  A chi-squared analysis of the data 
revealed that the distributions of the time spent in four regions of the Y-tube by the test shrimp 
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for which a live shrimp was present providing the cue differed significantly from the time 
distributions in the trials for which there was no odor (Table 2.1).  The difference in distribution 
was significant for all treatments regardless of the sex of test shrimp.    
Female C. islagrande spent less time  in the treatment and control arms than in the tail 
once a female animal was introduced (Fig. 2.2) indicating a neutral response (Table 2.2).  Once a 
male cue was introduced female C. islagrande increased their time spent in tail region while the 
proportion of time in the control arm remained similar (Fig 2.2).  I interpreted the shift in time 
budget as a mixture of neutral and avoidance response of female C. islagrande to males (Table 
2.2).   
Table 2.2 Summary of behavior trends in y-tube choice trials 
Species Experimental 
sex 
Animal trials 
Female  
 
Male 
Cue only trials 
Female 
 
Male 
C. major female      N  N      +  N- 
 male     ++  N-     ++  +/- 
C. islagrande female      N  N-     N-  N+ 
 male     N+  N+     N-  N- 
L. louisianensis female      N   N       -   -- 
 male      N +/-       -  ++ 
Responses are indicated by the following symbols: positive (+), strong positive (++), negative (-
), strong negative (--), neutral (N), neutral negative (N-), neutral positive (N+), and polarized 
positive/ negative (+/-).   
 
 C. islagrande males exhibited reactions of neutrality or attraction toward both male and 
female cues.  Male C. islagrande budgeted similar proportions of time to the female treatment 
arm and the tail (Fig 2.2).  When confronted with a male cue male C. islagrande spent similar 
amounts of time in the tail and treatment arm (Fig. 2.2).   
 I conducted the following choice trial using Lepidophthalmus louisianensis: 10 female-
female, 9 female-male, 12 male-female, and 10 male-male treatments.  Using Chi-squared 
analysis, I found that the distributions of the time spent in four regions of the Y-tube by the test 
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shrimp for which a treatment shrimp was present providing cue differed significantly from the 
time distributions in the trials for which there was no odor (Table 2.1).  The difference in 
distribution was significant for all treatments regardless of the sex of test shrimp. 
 L. louisianensis females reacted neutrally to both male and female cues (Table 2.2).    In 
both female-female and female-male treatments the shrimp budgeted most of their time to the tail 
of the y-maze (Fig 2.2).  When I compared the treatments to the control trials the shift in time 
budget was toward the tail for both female and male cue (Fig. 2.2).     
 Male L. louisianensis spent the majority of time in the neutral tail region in the female 
treatments (Fig. 2.2). The presence of a male cue provoked equally strong responses of attraction 
and avoidance to the treatment (Fig 2.2).  Male L. louisianensis exhibited neutrality in the 
presence of female cues, but was polarized between attraction and avoidance of the male cues 
(Table 2.2). 
2.3.2 Odor cue only choice experiment time budget 
 I conducted the following choice trials using an odor cue in place of a treatment shrimp 
for Callichirus major: 10 female-female, 10 female-male, 10 male-female, and 10 male-male 
treatments.  Chi-squared analysis indicated that the distributions of the time spent in four regions 
of the Y-tube by the test shrimp for which an odor cue was present differed significantly from 
the time distributions in the trials for which there was no odor (Table 2.3).  The difference in 
distribution was significant for all treatments regardless of the sex of test shrimp.   
Female C. major spent similar proportions of time in the treatment and tail regions of the 
y-maze, but when presented with the odor of female conspecifics, they spent more time in the 
treatment arm of the maze (Fig 2.3), indicating a positive response to female cue (Table 2.2).   
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 Figure 2.3 Percentage of time spent in each arm of the y-tube before and after the introduction 
of an odor cue.   The numbers on the side of the triangles represent percentage of time spent in 
each arm. 
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When a male cue was introduced the female C. major the proportion of time spent in the tail 
remained large, but the shift in time budget toward the control arm increased (Fig 2.3).  I 
interpreted this as a neutral and negative response to male odor cue (Table 2.2).  
The results of both the time budget of the female odor trials and the difference in 
distribution between the no cue and female trials for C. major males were indicative of attraction 
to the cue (Table 2.2).  Males spent the majority of time in the treatment arm and the only 
increase in time budget occurred toward the treatment arm (Fig. 2.3).  When presented with a 
male odor male C. major allocated similar proportions of time attracted to and avoiding the cue 
(Fig. 2.3).   
Table 2.3 Values for Chi-squared analysis of time budgets in smell cue y-tube trials 
Species Experimental 
sex 
Cue sex df X
2
 p-value 
C. major female female   3  1865.4064 <0.0001 * 
C. major female male   3 3449.3023 <0.0001 * 
C. major male female   3   638.0081 <0.0001 * 
C. major male male   3   512.5427 <0.0001 * 
C.islagrande female female   3   143.0250 <0.0001 * 
C.islagrande female male   3     82.3412 <0.0001 * 
C.islagrande male female   3 2893.9671 <0.0001 * 
C.islagrande male male   3 4223.0888 <0.0001 * 
L.louisianensis female female   3 3738.8560 <0.0001 * 
L.louisianensis female male   3 1902.4035 <0.0001 * 
L.louisianensis male female   3   292.9265 <0.0001 * 
L.louisianensis male male   3   725.2659 <0.0001 * 
* Indicates significant differences between the control and smell cue time budgets (α = 0.025 
adjusted using Bonferroni). 
 
 I performed the following choice trials using an odor cue in place of a treatment shrimp 
for Callichirus islagrande: 12 female-female, 12 female-male, 10 male-female, and 10 male-
male treatments.   A Chi-squared analysis of the data revealed that the distributions of the time 
spent in four regions of the Y-tube by the test shrimp for which an odor cue was present differed 
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significantly from the time distributions in the trials for which there was no odor (Table 2.3). The 
difference in distribution was significant for all treatments regardless of the sex of test shrimp.   
Exposing female C. islagrande to female odor cues elicited both neutral and avoidance 
responses (Table 2.2).  The largest proportion of the time budget in female-female trials was 
spent in the tail, but the shift in time budget between control trials and treatment trials was 
toward the no odor arm (Fig 2.3). Female C. islagrande exhibited a primarily neutral and 
attractive reaction to male odor (Table 2.2).  The greatest proportion of time was spent in the tail 
and the shift in time budget between control trials and male odor treatment trials was toward the 
treatment (Fig. 2.3). 
 Male C. islagrande adopted a more neutral or negative response to the odor cue of a 
conspecific regardless of sex.  The introduction of a female odor to C. islagrande males resulted 
in the decrease in the proportion of time spent in the treatment arm with a corresponding increase 
in time spent in the tail between the control and treatment trials (Fig. 2.3).  In the C. islagrande 
male-female trials the majority of the time was spent in the tail indicating a neutral response 
(Fig.2.3).  When confronted with the odor of another male C. islagrande shifted their time 
allocations away from the treatment arm and toward the tail (Fig. 2.3).  In the male-male 
treatments the largest proportion of time was spent in the tail (Fig 2.3).   
 I conducted the following choice trials using an odor cue in place of a treatment shrimp 
for Lepidophthalmus louisianensis: 10 female-female, 10 female-male, 10 male-female, and 10 
male-male treatments.   Using Chi-squared analysis, I found that the distributions of the time 
spent in four regions of the Y-tube by the test shrimp for which an odor cue was present differed 
significantly from the time distributions in the trials for which there was no odor (Table 2.1).  
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The difference in distribution was significant for all treatments regardless of the sex of test 
shrimp.   
Female L. louisianensis avoided the odor cue of both male and female conspecifics 
(Table 2.2).  When female odor was introduced following the control period, female L. 
louisianensis moved from the tail into the control arm, indicating a negative response to 
conspecifics of the same sex (Fig 2.3).  Male odor cues caused a shift from the tail toward the 
treatment arm and control arm which resulted in the largest proportion of the time budget spent 
in the control arm (Fig. 2.3).    
 L. louisianensis males exhibited some avoidance behavior in the presence of a female 
odor.  The largest portion of the time budget was spent in the control arm in the male-female 
trials (Fig 2.3).  The difference between the no cue and female cue trials was marked by equal 
decreases from both the tail and treatment arms and an increase in the control indicating an 
avoidance of the female odor cue (Fig. 2.3).  When a male odor was introduced the shift in time 
budget from the no cue trials was a movement from the control arm to the tail, which would 
indicate a small neutral response (Fig. 2.3), but 50% of the time budget was allocated to the 
treatment arm in both trials indicating a stronger attraction to the male odor cue.    
2.3.3 Comparison of animal cue and odor cue only choice experiments 
    I compared the distributions of time spent in the four regions of the Y-tube by the test 
shrimp for which a shrimp was present generating the treatment cue with the distributions in 
which the cue was odor only.  The comparisons were made using chi-squared analysis and 
yielded significant differences for all treatments in all three species (Table 2.4) indicating that 
the shrimp could distinguish the difference between the animal cue and odor only cue.   
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Table 2.4 Values for Chi-squared comparison of animal cue and smell cue time budgets 
Species Experimental 
sex 
Cue sex df X
2
 p-value 
C. major female female   3  1804.7239 <0.0001 * 
C. major female male   3  2975.0846 <0.0001 * 
C. major male female   3  4330.2990 <0.0001 * 
C. major male male   3  3432.7198 <0.0001 * 
C.islagrande female female   3  2227.2983 <0.0001 * 
C.islagrande female male   3  1493.6267 <0.0001 * 
C.islagrande male female   3    678.7484 <0.0001 * 
C.islagrande male male   3    852.7163 <0.0001 * 
L.louisianensis female female   3 20139.8257 <0.0001 * 
L.louisianensis female male   3   6075.4217 <0.0001 * 
L.louisianensis male female   3   9664.3523 <0.0001 * 
L.louisianensis male male   3     990.4957 <0.0001 * 
* Indicates significant differences between the animal cue and smell cue time budgets (α = 0.025 
adjusted using Bonferroni). 
 
2.3.4 Comparison of the frequency of behaviors for animal cue trials 
 I constructed an ethogram of the behaviors that I observed over the course of the of the 
Y-tube choice experiment trials (Table 2.5).  Venting activity was divided into two categories, 
venting forward and venting backward.   This allowed me to examine whether the shrimp was 
adjusting its venting behavior in response to odor stimuli. Venting backward pulls water toward 
the shrimp which could be used to both increase the amount of water flowing over the antennae 
and push the shrimp’s own scent downstream behind itself.  Venting forward pushes the  
environment.  Scratching may have been an artifact of the artificial burrow environment as all 
three species of shrimp normally inhabit sediment burrows and practice some degree of deposit 
feeding (Felder & Griffis 1994).   Grooming was observed for all shrimp in all trials regardless 
of control or treatment and was considered a maintenance behavior.   Grooming is a common 
behavior exhibited by Callianassa subterranean, a thalassinidean shrimp (Stamhuis et al. 1996).  
The categories of smacking, striking and hopping where only observed during the animal cue 
trials of L. louisianensis.  Smacking chelipeds against the wall of the burrow would likely 
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generate mechanical cues as the burrows of L. louisianensis are lined with a layer of clay or silt 
and mucous (Phillips 1971; Felder & Griffis 1994).  Striking appears to be similar to the 
behaviors observed in Nihonotrypaea harmandi, N. japonica, and N. petalura  by Shimoda et al. 
(2005) during agonistic encounters in which male shrimps would thrust their chelipeds toward an 
opponent and  grapple with the open space.  These last three categories appeared to be aggressive 
in nature.   
Table 2.5 Ethogram of behaviors observed during y-tube choice trials 
Behavior Description 
Investigating Investigating an adjacent portion using antennae and chelipeds, but not 
entering the portion of the tube. 
Tasting Using mouth parts to taste the water. 
Grooming Cleaning the body and limbs using brushing action of the third maxilliped and 
setal brushes of the fourth and fifth pereiopods (Stamhuis et al. 1996). 
Walking Walking in the burrow using walking legs. 
Scratching Scraping the walls of the y-tube using chelipeds. 
Venting 
forward 
Using pleopods to pump water toward the anterior end of the shrimp. 
Venting 
backward 
Using pleopods to pump water toward the posterior end of the shrimp. 
 
Scratch Rubbing the sides of the y-tube using one or both chelipeds. 
Smacking* Hitting the sides of the y-tube using the minor cheliped. 
Striking* A sudden striking of one or both chelipeds out into the area in front of the 
shrimp.  This movement is more sudden and violent motion than smacking. 
Hopping* Scratching, rapid ventilation while hopping up and down on the walking legs. 
* Indicates behaviors that were exhibited only by Lepidophthalmus louisianensis during animal 
cue trials. 
    
 The difference in behavior count distributions between the control animal cue trials was 
not statistically significant for the following sets pairs:  C. major male-female, C. major male-
male, C. islagrande female-male, and L. louisianensis female-female (Table 2.6).  Only the 
behavioral counts that were found to be statistically different between trials are discussed below. 
The distribution of behavior counts observed in the female-female animal cue trials for C. major 
were significantly different from the distributions observed in the control (Table 2.6).  I observed 
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a large increase in venting forward and a moderate increase in scratching with the introduction of 
the female cue (Fig. 2.4).  All exploratory behaviors decreased as did venting backward.  The 
response to male cue was statistically different from the control (no cue) runs (Fig. 2.4).  Female 
C. major exhibited a large increase in venting forward in the presence of male cue. Investigating 
and tasting decreased (Fig. 2.4).  The large increase in forward venting in both female-female 
and female-male trials indicated that odor cues from a conspecific regardless of sex stimulated 
the fanning of the shrimp’s own odor toward the source. 
 
Figure 2.4 Percent difference in behavior counts between treatment and control in animal cue 
trials for C. major.  Treatment pairs are listed with the test animal first and treatment animal 
second; female-female (ff), female-male (fm), male-female (mf), and male-male (mm).  Percent 
differences were calculated by subtracting percentage of counts for each behavior in the 
treatment trials from the percent counts in the control trials.  Negative numbers reflect a higher 
percentage of the particular behaviors in the control trials and positive numbers indicate an 
increase in the percentage of the behaviors in the treatment trials.   
* indicates statistically significant differences between the control and treatment trials.   
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A significant difference in the frequency of behaviors was observed for female C. 
islagrande between control conditions and a female animal cue treatment (Table 2.6).  All 
exploratory behaviors increased with the largest differences in investigating (Fig. 2.5).   Venting 
in both directions ceased in the presence of a female cue (Fig 2.5).    
 
Figure 2.5 Percent difference in behavior counts between treatment and control in animal cue 
trials for C. islagrande.  Treatment pairs are listed with the test animal first and treatment animal 
second; female-female (ff), female-male (fm), male-female (mf), and male-male (mm).  Percent 
differences were calculated by subtracting percentage of counts for each behavior in the 
treatment trials from the percent counts in the control trials.  Negative numbers reflect a higher 
percentage of the particular behaviors in the control trials and positive numbers indicate an 
increase in the percentage of the behaviors in the treatment trials.   
* indicates statistically significant differences between the control and treatment trials.   
 
The differences in behavioral frequencies for male C. islagrande were statistically 
different between the control and animal cue for both male and female treatments (Table 2.6).  
Small differences in exploratory behavior, scratching and forward venting were observed in the 
-100 
-80 
-60 
-40 
-20 
0 
20 
40 
60 
80 
100 
ff*  fm mf* mm* 
P
er
ce
n
t 
d
if
fe
re
n
ce
 i
n
 b
ea
h
v
io
r 
co
u
n
ts
 
Treatment pairs 
Investigate 
Taste 
Groom 
Walk 
Scratch 
Ventbackward 
Ventforward 
35 
  
female treatment (Fig. 2.5).  A large decrease in venting backward was observed in the presence 
of females (Fig. 2.5).  In the male treatments all of the exploratory behaviors, scratching and 
venting backward increased to a small degree, whereas venting forward remained the same (Fig. 
2.5). 
L. louisianensis females changed their behavioral frequencies significantly in the 
presence of both male and female animal cues when smacking, striking and hopping where 
excluded from the analysis (Table 2.6).  Females exhibited small decreases in exploratory 
behaviors in the presence of a female cue (Fig. 2.6).   When striking, smacking and hopping were 
included the behavior distribution did not differ significantly from the control for the female- 
female trials (p= 0.1463, X
2
= 9.5207).  L. louisianensis females exhibited a large increase in 
tasting when a male cue was introduced.  All venting ceased in the presence of male cues (Fig. 
2.6).  When smacking, striking and hopping were included in the analysis, the difference in 
distribution of behaviors between the control and animal cue male treatment was still significant 
(p= <0.0001, X
2
= 114.7455).  A large increase in smacking behavior, which was considered 
aggressive, was observed with the introduction of a male cue.   
  I observed significant differences in behavior between controls and treatments for L. 
louisianensis males in both male and female cue treatments (Table 2.6).  When smacking, 
striking and hopping were included in the analysis, the differences remained significant for both 
the female cue trials (p= <0.0001, X
2
= 46.4547) and male cue trials (p= 0.0017, X
2
 = 23.0708).  
Small to moderate increases in investigating and smacking were observed in the female 
treatments, where as other exploratory behaviors, scratching and striking decreased (Fig. 2.7).  
The male treatments elicited a large decrease in tasting and small decreases in investigating, 
walking and scratching, but a moderate increase in grooming behavior (Fig. 2.7).   Males 
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exhibited 100% increases in smacking and striking and a small increase in hopping in the 
presence of male cues, all of which were considered aggressive behaviors. 
 
Table 2.6 Values for Chi-squared comparison of behavioral counts to animal cues 
Species Experimental 
sex 
Cue sex df X
2
 p-value 
C. major female female   6 46.7986 <0.0001 * 
C. major female male   6 23.6997   0.0006 * 
C. major male female   6 11.7613   0.0675 
C. major male male   6   8.8481   0.1823 
C.islagrande female female   6 27.3613 <0.0001 * 
C.islagrande female male   6   3.9298   0.6862 
C.islagrande male female   6 15.8026   0.0149 * 
C.islagrande male male   6 20.2779   0.0025 * 
L.louisianensis female female   4   6.3972   0.1714 
L.louisianensis female male   6 33.7637 <0.0001 * 
L.louisianensis male female   4 45.2984 <0.0001 * 
L.louisianensis male male   4 16.3410   0.0026 * 
* Indicates significant differences between the animal cue and control behavior counts (α = 0.025 
adjusted using Bonferroni). 
 
2.3.5 Comparison of the frequency of behaviors for odor cue trials 
  The frequency of behaviors between the control and odor cue only trials were not found 
to be statistically different in all pairings with the exception of C. islagrande female-female trials 
(Table 2.7).  The differences in behavioral frequencies between control and odor treatments for 
C. islagrande females were significant for the female odor treatments and not significant for the 
male odor treatments (Table 2.7).  In the female treatments large increases in the frequency of 
exploratory behaviors and scratching where observed (Fig. 2.8).  Venting in both directions 
increased moderately. 
2.3.6 Comparison of the frequency of behaviors between odor and animal cue trials 
 I compared behavioral frequencies between animal cue trials and odor cue trials using 
chi-square analysis.   Since the behaviors of smacking, striking and hopping where only observed 
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in the L. louisianensis animal cue trials, they were not included in the comparison between 
animal and odor cue trials.   
 
  
Figure 2.6 Percent difference in behavior counts between treatment and control in animal  
cue trials for L. louisianensis.  Treatment pairs are listed with the test animal first and treatment 
animal second; female-female (ff), female-male (fm), male-female (mf), and male-male (mm).  
Percent differences were calculated by subtracting percentage of counts for each behavior in the 
treatment trials from the percent counts in the control trials.  Negative numbers reflect a higher 
percentage of the particular behaviors in the control trials and positive numbers indicate an 
increase in the percentage of the behaviors in the treatment trials.   
* indicates statistically significant differences between the control and treatment trials.   
 
  The behavior frequencies between animal cue and odor cue trials for C. major females 
were significantly different for both male and female treatment cues (Table 2.8).  Animal trials 
had decreases in many of the exploratory behaviors during the female-female treatments.  Both 
animal cue and odor cues elicited large frequencies of forward venting in response to female 
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cues.  In the presence of male cues, females vented forward more often in the animal treatment 
and tasted more frequently in the odor cues. 
   
 
Figure 2.7 Percent difference in behavior counts between treatment and control in odor cue trials 
for L. louisianensis.  Treatment pairs are listed with the test animal first and treatment animal 
second; female-female (ff), female-male (fm), male-female (mf), and male-male (mm).  Percent 
differences were calculated by subtracting percentage of counts for each behavior in the 
treatment trials from the percent counts in the control trials.  Negative numbers reflect a higher 
percentage of the particular behaviors in the control trials and positive numbers indicate an 
increase in the percentage of the behaviors in the treatment trials.  * indicates statistically 
significant differences between the control and treatment trials.   
 
Differences in behavior frequencies between animal cue and odor cue trials for male C. 
major were significant for both female and male treatments (Fig. 2.9, Table 2.8).  Males did 
more walking in the odor cue trials and less venting forward in animals trials when a female cue 
was present.  When we tested male cues all behaviors remained similar in frequency with the 
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exception of forward venting which increased 100% in animal trials and remained constant in 
odor trials in response to male cues. 
  
 
Figure 2.8 Percent difference in behavior counts between treatment and control in odor  
cue trials for C. islagrande.  Treatment pairs are listed with the test animal first and treatment 
animal second; female-female (ff), female-male (fm), male-female (mf), and male-male (mm).  
Percent differences were calculated by subtracting percentage of counts for each behavior in the 
treatment trials from the percent counts in the control trials.  Negative numbers reflect a higher 
percentage of the particular behaviors in the control trials and positive numbers indicate an 
increase in the percentage of the behaviors in the treatment trials.  * indicates statistically 
significant differences between the control and treatment trials.     
Behavior frequencies for female C. islagrande were significantly different between 
animal cue and odor cue trials for both female and male treatments (Table 2.8).  Tasting, 
walking, and scratching were more frequent in odor trials and venting behaviors less frequent in 
animal trials for female cues.  For male treatments investigating and walking were more frequent 
and venting backward was less frequent in animal trials.   
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Figure 2.9 Percent difference in behavior counts between treatment and control in odor 
cue trials for C. major.  Treatment pairs are listed with the test animal first and treatment animal 
second; female-female (ff), female-male (fm), male-female (mf), and male-male (mm).  Percent 
differences were calculated by subtracting percentage of counts for each behavior in the 
treatment trials from the percent counts in the control trials.  Negative numbers reflect a higher 
percentage of the particular behaviors in the control trials and positive numbers indicate an 
increase in the percentage of the behaviors in the treatment trials.  
 * indicates statistically significant differences between the control and treatment trials.   
 
 The differences in behaviors that I observed between animal cue and odor cue trials for 
male C. islagrande were significant for female treatments and not significant for male treatments 
(Table 2.8).  In the presence of female cues walking and all venting behaviors were more 
frequent.  Less investigating, and venting forward were observed in male odor cue trials.   
I observed significant differences in behavior frequencies between animal and odor cue 
trials for both female and male treatments in female L. louisianensis (Table 2.8).  Investigating, 
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walking and venting backward occurred more often in the odor cue trials in response to female 
treatments.  When male cues were present, female L. louisianensis vented more frequently in the 
odor trials.  In the presence of female animal cues females ceased venting activity, but tasted a 
great deal more than in the odor trials. 
 
Table 2.7 Values for Chi-squared comparison of behavioral counts to smell cues 
Species Experimental 
sex 
Cue sex df X
2
 p-value 
C. major female female   6   9.6142   0.1419 
C. major female male   6   6.2786   0.3927 
C. major male female   5 10.3584   0.0657 
C. major male male   5   4.7078   0.4526 
C.islagrande female female   6 32.9784 <0.0001 * 
C.islagrande female male   6   8.0451   0.23488 
C.islagrande male female   6   0.9950   0.6779 
C.islagrande male male   6   6.6652   0.3529 
L.louisianensis female female   5   5.1498   0.3979 
L.louisianensis female male   6 12.2760   0.0561 
L.louisianensis male female   4   8.7910   0.1857 
L.louisianensis male male   4   8.2705   0.2189 
* Indicates significant differences between the smell cue and control behavior counts (α = 0.025 
adjusted using Bonferroni). 
 
 
Table 2.8 Values for Chi-squared comparison of behavioral counts to animal cues and smell cues 
Species Experimental 
sex 
Cue sex df X
2
 p-value 
C. major female female   6   62.3601 <0.0001 * 
C. major female male   6   29.5846 <0.0001 * 
C. major male female   6   14.4763   0.0247 *  
C. major male male   6   21.4052   0.0016 * 
C.islagrande female female   6   78.1033 <0.0001 * 
C.islagrande female male   6   24.1308   0.0005 * 
C.islagrande male female   6   14.8298   0.0216 * 
C.islagrande male male   6     2.1147   0.9089 
L.louisianensis female female   4 201.7930 <0.0001 * 
L.louisianensis female male   6 244.7063 <0.0001 * 
L.louisianensis male female   4 186.9047 <0.0001 * 
L.louisianensis male male   4 110.2880 <0.0001 * 
* Indicates significant differences between the animal cue and smell cue behavior counts (α = 
0.025 adjusted using Bonferroni). 
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 L. louisianensis males exhibited significantly different frequencies of behaviors between 
animal cue and odor cue trials for both female and male treatments (Table 2.8).  In the presence 
of female cues walking and venting activity was more frequent in the odor trials.  Male L. 
louisianensis increased exploratory behaviors in the presence of male odor treatments and 
decreased forward venting.          
2.4 Discussion 
 The use of chemoreception to gather information regarding the external environment, to 
locate potential food or mates, or for use in intraspecific communication is well known in 
crustaceans.  Information on dominance, sex and reproductive state are often carried by urine 
borne cues in other crustacean species such as H. americanus and several species of stomatopod 
(Atema et al. 1979; Atema 1986; Bushmann & Atema 1997; Caldwell 1979, 1982).  Species of 
thalassinidean shrimp have demonstrated the ability to use chemoreception to locate food or 
conspecifics.  Dworshak (personal communication) observed the removal of burrow plugs in 
response to the odor of plant material or detritus that had been transported through the sediments.  
Juvenile and larval C. major alter their physiology and behavior in the presence of adult 
conspecific cues in the water column and sand (Strasser & Felder 1999).  Here I tested the ability 
of adult thalassinidean shrimps to respond to chemical cues associated with conspecifics of same 
or opposite sex.  All three species exhibited changes in behavior when confronted with chemical 
cues associated with conspecifics of the same and opposite sex.  Very few general trends were 
noted, and the responses were different if the odor source was a living animal or cue only.  My 
results indicate an overall increase in activity of the shrimps in response to chemical cues with 
very little directionality of the response.  
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2.4.1 Evidence for chemoreception  
 My data clearly indicate that all three species altered their behavior when confronted 
with odors of same or opposite sex.  The nature of those behavioral changes were both species 
and sex specific with very few general patterns.   That said, all three species exhibited changes in 
their use of the y-maze once the odor was introduced.  In most cases, the change was indicated as 
an increased use of the “bend” or “stem” area of the maze.  I interpret the use of the bend or stem 
as neutral, neither seeking nor avoiding the odor source.  Rather, from those neutral locations the 
organism can monitor variation in the odor signal or await accompanying cues.  In only a couple 
of cases were distinct attraction (C. major, Table 2.2) or avoidance (L. louisianensis, Table 2.2) 
noted.  Male C. major were clearly attracted to female conspecifics; a pattern that is consistent 
with the need for crustaceans to pair to mate.   Avoidance behavior was noted primarily for 
female L. louisianensis in response to conspecifics of either sex, but stronger in response to 
males.  Such responses are consistent with the aggressive nature of this species; however, males 
of this species were attracted to other males, a finding that is inconsistent avoidance of 
aggression.  It could be that males were actively seeking to rid their burrow of competing males.     
Of all of the behaviors that I recorded, venting behavior had the most direct association 
with the transport of chemical stimuli by an individual either to gain or disperse odors.  Although 
Shimoda et al. (2005) did not discuss chemical signaling in their study of N. harmandi, N. 
japonica, and N. petalura, they reported pleopod fanning of water by shrimp toward an intruder.  
Pleopod fanning is a behavior that has been associated with the use of pheromones in H. 
americanus (Atema et al. 1979; Atema 1986).  Breithaupt & Eger (2002) described pleopod 
fanning used by crayfish, Astacus leptodactylus, to create currents toward and away from their 
body during agonistic encounters.  Increased backward venting pulls water past the animal 
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generating the current and is considered an investigatory or stealthy behavior as it allows the 
animal to sample more water from source while pushing its own odor behind it.  Forward 
fanning of the pleopods pushed water toward the opponent, whereas backward pleopod fanning 
pulled water toward the animal (Breithaupt & Eger 2002).  Pleopod fanning toward an opponent 
is consistent with use of odor to establish dominance or ward off competitors.  The amount and 
frequency of urine released by individuals was more closely correlated with the winner of the 
encounter between crayfish than pleopod fanning (Breithaupt & Eger 2002).  The cessation of 
fanning indicates a passive form of chemical monitoring.  I observed differential venting 
frequency and direction in response the sex of the odor source for both animal cues and odorant 
for all three species, which indicates the ability to distinguish the sex of the odor source.  Female 
C. major tended to increase their forward venting behavior regardless of source or sex, which 
would be an aggressive behavior toward the same sex and possibly receptive behavior toward the 
opposite sex.  Males vented very little when confronted with female odors, which could be a 
form of passive chemical monitoring, but vented forward in response to male odors 
demonstrating aggressive behavior toward shrimp of the same sex.  Both sexes of C. islagrande 
decreased venting frequencies in both directions in the presence of animal cues, but slightly 
increased forward and backward venting, indicating both aggressive and active monitoring 
behavior,  in the presence of odorant cues with the exception of male-male trials (for which 
venting was unchanged).  These results suggest that the perception of the cue differed with 
treatment (see below), but are not consistent with behaviors associated with competition or 
agonistic interactions.  L. louisianensis varied the frequency of venting behaviors in response to 
the sex and source of the odor cue (animal or incubated water).  In the presence of animal cues L. 
louisianensis exhibited not change in venting in both directions in both same sex treatments and 
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male female treatments, but females decreased all venting behavior in the male treatment.  This 
indicates a shift toward a more passive monitoring in the presence of animal cue.  Odorant only 
stimulated an increase in aggressive/receptive venting by females in response to male cue. Male 
L. lousisanensis shifted toward active monitoring in the presence of male odorant.  The ability to 
make gill currents visible would have provided additional clues as to how the shrimp were 
attempting to communicate with the sources, but was not possible during the course of this study.         
2.4.2 Evidence for ancillary cues or cue quality 
I found that responses to chemical cues were different if shrimp were presented with cue 
only or if there was a shrimp present in the source reservoir.  These differences may be due to 
variation in odor quality or ancillary cues that are associated with living shrimps but not with 
odors in the absence of the source animal (mechanical cues, for example).  L. louisianensis 
exhibited aggressive behaviors (smacking, striking and hopping) only in the presence of animal 
cues.  The frequency of these behaviors varied with sex pairing.  Smacking increased for both 
sexes regardless of pairing, while striking increased only for male-male pairs.  The combination 
of sex specificity in behavior and the treatment (animal vs. cue only) suggest that some 
component of the aggressive interaction is missing when the live animal odor source is absent.  
These behaviors might only be elicited by the active or recent production of chemical cue, or in 
the presence of similar behaviors by the odor source animal.  Rapid strikes with the cheliped or 
vibrations in the tube wall may be transmitted through the confined spaces of the burrow system.  
It is interesting to note that L. louisianensis builds burrows lined with fine-grained sediments 
(Felder & Griffis 1994).  This lining would dampen the transport of water between the burrow 
and porespaces according to Wethey (personal communication), but could facilitate the transport 
of pressure waves or other vibratory signals.  Significant differences between behavior elicited 
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for animal treatments and cue only treatments were found for all species and pairings with only 
one exception (C. islagrande male-male pairs) suggesting that ancillary cues or fresh odor 
production are necessary components of one-on-one chemical communication.   
Statistically significant analysis of time budget behavioral responses further supports the 
ability to differentiate between sex and cue type (animal or odorant only), whereas the 
interpretation of the budget showed no clear trends.  Actively seeking the source of a cue signals 
the pursuit if a potential mate or aggressive behavior toward a less dominant individual or 
intruder.  Attraction to the cue source was observed in C. major toward potential mates and C. 
major females toward female odorant.  The interpretation of time spent in the bend or the tail of 
the tube as neutral was problematic, as the test animal was still able to receive odor and might 
also be interpreted as positive.  Neutrality was considered a cautious approach to an intruder, 
such as monitoring the cues from a distance or awaiting an accompanying mechanical signal or 
other ancillary cue.  The female shrimp reacted in a primarily neutral fashion to animal cues of 
both sexes.  Avoidance of a cue would allow an individual to avoid interacting with an individual 
that emanated some dominance lowering the risk of injury or death.  L. louisianensis females 
responded negatively to all odorant only cues.  Polarized avoidance/attraction responses toward 
males were observed in L. louisianensis and C. major males.  The variability in reaction to cues 
may indicate that the shrimp may be getting information such as size, reproductive state or 
dominance via chemical cue.  The differences between animal cue trials and odorant cue trials 
could be due to odor source quality or possible mechanical cues. 
2.4.3 Contributing factors 
Possible confounding factors in the interpretation of avoidance, attraction, and neutrality 
should be considered.  The shrimp tested varied in reproductive stage which may have affected 
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behavior trend results.  L. louisianensis collected in May and July were in peak reproductive 
seasons and August toward the end of reproductive season according Felder and Griffis (1994).  
Peak reproductive seasons for C. islagrande are in June, July, January, and February (Felder & 
Griffis 1994).   The C. islagrande tested were collected in September, October and December 
which were all outside of the peak reproductive periods.  There is no peak reproduction data for 
C. major in the Louisiana region, but ovigerous females of both C. major and C. islagrande were 
found at the same times of the year (personal observation).   Bilodeau et al. (2005) found 
evidence of multiple paternity in single egg clutches of C. islagrande indicates promiscuous 
mating in females, which might result in continued receptive behavior or odor cue from females 
that have been recently mated.   LeBlanc (2002) noted that size and sex difference between 
individual L. louisianensis determined whether interactions would become aggressive.  The 
majority of shrimp used in the choice trials were within 20 mm total length of each other, but a 
few large and small individuals were used which may have influenced  the overall trends in 
avoidance and attraction.  The possibility that some component of odor might be present in the 
animal cue trial that was not in the incubated water is also possible.  A difference in intensity of 
odor cue may have contributed to differences in behavior trends between the animal cue and 
odor cue treatments.  The incubated water was allowed to build up cue over time, which might 
be similar to a shrimp encountering the burrow water of another, versus encountering the animal 
cue for which odor was created in situ by the shrimp and did not build up in the reservoir.  The 
animal cue might be more similar to encountering an intruder in ones burrow.  It is possible that 
the presence of absence of additional sources of non-chemical stimuli may account for some of 
the trends in behavior.  Mechanical cues could have been transmitted in the animal cue that were 
absent from the cue only trials.  Behavioral responses to chemical cues may differ between sexes 
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or species.  Aquiloni et al. (2009) found that male crayfish responded to female odor whereas, 
females responded to chemical stimuli if coupled with visual or tactile stimuli.    
C. major and C. islagrande have similar burrow morphologies and habitats.  L. 
louisianensis inhabits far muddier, less saline regions than either C. major and C. islagrande.   L. 
louisianensis burrows are lined with fine sediments, but otherwise similar in structure to those of 
the other two species.  The adult burrows of L. louisianensis are often attached to juvenile 
burrows (Felder & Griffis 1994).  The fine sedimentary lining of L. louisianensis burrows and 
communication with juvenile burrows may alter the conditions for the transport of chemicals, 
fluids and mechanical cues within and between burrows.  Both C. major and C. islagrande 
burrows are unlined and have more porous walls.  All three species are found in similar 
population densities.  The female to male ratios for C. islagrande and L. louisianensis are close 
to one (Felder & Griffis 1994).   All three species differ morphologically from one another.   
These factors may have influenced the behaviors displayed in response to conspecifics chemical 
cues.     
2.5 Conclusions 
 Three species of thalassinidean shrimp, Callichirus major, Callichirus islagrande, and 
Lepidophthalmus louisianensis, dominate coastal marine soft-sediment macroinfaunal 
communities throughout the Louisiana coast (Felder & Griffis 1994). These species construct 
and maintain solitary burrows encountering other individuals when the break through the burrow 
walls (Felder & Griffis 1994).   Fossorial habitats are devoid of light and the use of acoustic or 
chemical stimuli are likely to be the only means of distinguishing between competitors, predators 
or potential mates before tactile contact is made.  Using a modified y-maze choice experiments, I 
behaviorally tested the ability of C. major, C. islagrande, and L. louisianensis to communicate 
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chemically with conspecifics.  The distribution of percent time spent in each portion of the y-
maze was compared against no cue trials using Chi-sqaure analysis for following combinations: 
same-sex animal treatment, opposite-sex animal treatment, same-sex odor only, opposite-sex, 
and odor only.  The time budgets for the detection of conspecifics chemical cues differed 
significantly from controls (no cue) for both animal cues and odor only cues indicating that all 
three species Callichirus major, C. islagrande, and Lepidophthalmus louisianensis were able to 
detect chemical cues regardless of cue source.  All three species are able to detect the difference 
in the sex of conspecifics via odor. Attraction, avoidance, or neutral response to animal and odor 
only cues varied with sex and species.  The shrimp may be able to detect other characteristics 
other than sex, for example size, reproductive state, and possible dominance.  A number of 
factors may have contributed to the variability in response such a reproductive state, size, and 
possible associated with cue delivery to the test shrimp.  The differences between the trials in 
which the cue animal was present and odor cue alone was present may indicate the possible use 
of mechanical cues in addition to odor.   
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CHAPTER 3 
ODOR PLUME DISPERSAL IN A MODEL BURROW AS A FUNCTION OF ODOR 
RELEASE RATE AND BURROW FLOW 
 
3.1 Introduction 
The physics of water motion governs the dispersal of chemical cues in aquatic 
environments (Finelli et al. 2000; Moore & Atema 1991; Weissburg & Zimmer-Faust 1993, 
1994; Weissburg et al. 1998; Weissburg 2000).  Ambient flow characteristics, the nature and size 
of the odor source, and the height of odorant release relative to surfaces are among the factors 
that contribute to the distribution of odor signals that influence the behavioral response to odor 
plumes (Webster & Weissburg 2001).  For example, odor signals released isokinetically with 
ambient water flow as body fluids leak from an injured prey item (e.g. Finelli et al. 2000) will 
have distinct information content from pheromone plumes released as a jet within the urine 
stream of the American lobster, Homarus americanus (Bushmann & Atema 1993).  Of the many 
plume characteristics available to navigating organisms, Moore and Atema (1991) suggested that 
animals may use the rapid temporal change in odor concentration of individual odor filaments 
within a plume to gain spatial information regarding location of the source.  The duration of the 
odor filaments may provide additional information to a searching animal (Atema 1996).   
Moreover, odorant composition may change with distance from the source as some may be 
degraded chemically, taken up by bacteria, or adsorbed onto inorganic particles (Atema 1996).  
The spatial variation in composition or structure among the odor filaments within a plume may 
be consistent and provide navigational information for organisms (Finelli et al. 1999).   
Biologically relevant characteristics of odor dispersal such as ambient flow speed, odor 
release rate, and turbulence have been correlated to search success for predatory crustaceans in 
open channels; however, such studies have not been conducted for the diverse organisms that 
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live within confined burrow.  For instance, the efficiency with which H. americanus (Atema 
1995) and Callinectes sapidus (Weissburg & Zimmer-Faust 1993) search for prey is determined 
in part by ambient flow speed and turbulence.  Finelli et al. (2000) found that the combination of 
odor release rate and flow speed altered search success by C. sapidus.  Chemical release rate and 
the composition of an odor can also influence the ability of an organism to detect it against a 
background (Finelli et al. 2000).  Most work completed to date examines organisms navigating 
in open channels, rather than within confined burrow systems where dispersal is constrained and 
waters are often higher in chemical content.  For example, the burrow water of Lepidophthalmus 
louisianensis is more similar to deep porewater at 40 cm depth with ten times the ammonia, two 
times the nitrate+nitrite and phosphate concentrations when compared to surface water, whereas 
Callichirus islagrande’s burrow water is more similar to surface water, but has twice the 
ammonia (Felder & Griffis 1994).  Such enrichment in chemical composition within burrows 
may mask the detection of some odorants, or favor detection of odors that are dispersed in 
plumes with characteristics such as concentrated bursts that may be more useful in signal 
detection against a noisy background.            
While the vast majority of the work on chemoreception in aquatic habitats has been 
conducted in open channels, many organisms live in temporary or permanent burrows and tubes 
for which odor dispersal may be quite different.  When considering environments in which the 
navigation via chemical cue might be used Vickers (2000) fails to mention fossorial habitats; yet 
some form of communication must be present to facilitate mating, competition, or predator-prey 
interactions.    Dispersal of odors in burrows is fundamentally different than that in open 
channels due to the confined nature of the burrow, the distribution of velocities within the 
burrow (Vogel 1994), and resistance to turbulence of burrow flows (Vogel 1994).  Stamhuis and 
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Videler (1997) found that water flow generated by the burrow ventilation activity of 
thalassinidean shrimp was laminar and similar to flow in a pipe.  The landmark experiments of 
Reynolds (1883) found that the combination of flow speed, pipe diameter, density of the liquid, 
and the viscosity of the liquid determined whether flow in a pipe was orderly (laminar) or chaotic 
(turbulent).  The Reynolds number (Re) is a dimensionless number that describes the nature of 
flow within a pipe (Reynolds 1883).  In a circular pipe a Re < 2000 indicates that viscous forces 
dominate and flow is laminar where as a Re > 2000 indicates turbulent flows (Vogel 1994).  
Reynolds (1883) also demonstrated that obstructions in a pipe can trigger a transition to turbulent 
flow at lower Reynolds number. Though at very low Reynolds numbers, larger obstructions can 
be tolerated without inducing turbulence (Vogel 1994).   Such dynamics are likely to govern 
plume dispersal in animal burrows. 
In order to understand the odor landscape available to C. islagrande and other infauna, 
plumes were generated and characterized in a model burrow (pipe).  Combinations of ambient 
flow and odor release rate similar to those measured in the field and the lab by Stanzel and 
Finelli (2004) for C. islagrande were used to parameterize the study.  Release through a point 
source, through a shrimp mimic, and through a shrimp mimic with a second shrimp mimic 
placed downstream were used to compare the characteristics of odor plumes generated with no 
flow obstructions, an obstruction caused by the source animal and the source animal plus a 
receiving animal.    
3.2 Methods 
Odor plume dispersal was examined within a model burrow during a series of laboratory 
studies performed at the LUMCON Defelice Marine Center in Cocodrie, LA.  All studies were 
completed in an environmental chamber, in order to control temperature at 20º C and permit 
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controlled illumination with a blue LED light source.  Control of temperature was necessary, 
since the temperature driven density differences between the plume water and the burrow water 
are quite large on a small scale (personal observation).  The blue LED light enhanced the 
fluorescence of the fluorescein dye for image analysis.  
3.2.1 Model burrow apparatus   
A model burrow made of clear acrylic tubing was used to allow for ease of observation in 
a uniform environment (Fig. 3.1).  The burrow apparatus consisted of a 1.83 m horizontal section 
of rigid acrylic tubing (inner diameter 1.90 cm).  Water flow into the burrow was gravity fed at 
3.5 ml min
-1
 or 45 ml min
-1
 from a 19 L reservoir connected to the burrow by flexible tubing.  At 
these rates, the Reynolds numbers for flow in the burrow were 3.8 at 3.5 ml min
-1
 and 49 at a 
flow speed of 45 ml min
-1
.The outflow of the burrow was connected to a vertically oriented pipe 
section that prevented the burrow from draining and was fitted with a valve to control the rate of 
exiting water.  The longitudinal dispersion coefficients were calculated for the pipe 3.5 ml min
-1
 
and 45 ml min
-1
 flow rates (Table 3.1, Table 3.2). The longitudinal dispersion coefficients were 4 
x 10
-5
 cm
2
 s
-1
 for slow flow conditions and 0.002 cm
2
 s
-1
 under fast flow conditions indicating 
mixing on a small scale.  
Simulated odor plumes were created by introducing fluorescein dye into the carrier flow.  
The dye entered the burrow through a brass tube (inner diameter 1.8 mm) inserted into the 
midline of the burrow and parallel to mainstream flow.  Two rates of “odor” input were used to 
create plumes of differing geometry.  “Fast” plumes were created using dye that was gravity fed 
from an enteric feeding bag (similar to a medical IV bag) at a rate of 45 ml min
-1
.  The rate of 
dye input was controlled using two roller clamps (one for on/off and the other set to permit 
optimal fast flow) on the tubing leading from the IV bag to the brass tube.  “Slow” plumes were  
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Figure 3.1 The model burrow apparatus used modeling odor plume characteristics.  The top 
picture was the view pointing downstream and the bottom picture was angled upstream. 
 
 
created using a peristaltic pump to deliver dye at a rate of 3.5 ml min
-1
.   In addition to 
modulating the release rate of dye in the burrow, I inserted preserved C. islagrande into the 
burrow to investigate odor dispersal in the presence of both transmitting and receiving 
organisms.  To investigate the effect of a shrimp body at the source of the odor plume, as would 
occur during active release of an odorant, the brass tube was carefully inserted through a dead, 
preserved shrimp from the telson through the body until the opening was even with the mouth 
parts.  To ensure that flow conditions in the pipe were  well established, the point of dye release 
for all trials were positioned 19 cm downstream of the pipe entrance which was well beyond 20 
times the entrance length (the length downstream of the pipe entrance it takes to establish the a 
velocity gradient)  of 0.75 cm (Table 3.1).  
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Table 3.1 Calculations for scaling C. islagrande burrows to the model burrow. 
Measurement Burrow Model burrow Equation Terms 
Low Speed 
Mean burrow 
diameter (d) 
 
0.57 cm 
 
1.91 cm 
 
d=Σ d/n 
 
n = number of 
burrows 
measured 
 Burrow radius (r) 0.285cm 0.955cm r = d/2   
 Area (A) 0.255 cm
2
 2.866 cm
2
        
Entrance length in 
units of pipe 
diameter(L´) 
 0.197cm L´/d=0.058Re  
Distance into Pipe 
(l) 
 0.375cm l= L´d  
Fast speed     
Entrance length in 
units of pipe 
diameter(L´) 
    
Distance into Pipe 
(l) 
 2.948cm   
  5.631cm   
Equations were referenced from Vogel (1994). 
 
Table 3.2 Calculations for the C. islagrande model burrow  
Volume 
flow rate 
 
Q 
(cm
3 
s
-1
) 
Pipe 
radius 
 
 
r  
(cm) 
Area 
 
 
 
a 
(cm
2
) 
Mean 
velocity 
 
 
U 
 (cm s
-1
) 
Reynolds 
number 
 
 
Re 
Shear 
stress 
 
 
τw 
 (P) 
Shear 
velocity 
 
 
U*  
(cm s-1) 
Lateral 
diffusion 
coefficient 
 
Dx 
(cm
2
 s
-1
) 
Vertical 
/lateral 
diffusion 
coefficient 
Dy = Dz 
(cm
2
 s
-1
) 
0.06 0.95 2.84 0.02 3.8 0.01 0.1 4 x 10
-5
 0.006 
0.75 0.26 49 0.1
1 
0.33 0.002 0.02 
Vogel (1994) was used as the reference for Q, Re,U, τ,U*, and μ.  Martin & McCrutcheon (1996) 
was used for Dx, Dy, and Dz. 
 
3.2.2 Plume visualization  
Fresh tap water was used for both the carrier flow (burrow water fed from the 19 L 
reservoir), and for the preparation of dyed plume water.  Plume water consisted of a 0.01 g/L 
fluorescein-tap water mixture.  The dye mixture was neutrally buoyant in tap water at 20ºC.  
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Neutral buoyancy was desirable due to the lack of data on any density difference between plume 
effluent released from ghost shrimp and their burrow water.            
Volume flow of the carrier (ambient) fluid and volume flow of the dye plume were paired 
in the following combinations slow carrier and slow plume (ss); slow carrier and fast plume (sf); 
fast carrier and fast plume (ff); and slow carrier and fast plume (sf).  Each combination of flow 
rate was crossed with shrimp treatments as follows: no shrimp present, one shrimp present at the 
plume outlet, and two shrimp present one at the plume source and one 6 cm downstream 
(approximately 1 body length).  All combinations were performed and filmed three times.   A 
total of 45 runs were performed.   Image analysis was used to compare plume dispersal for each 
treatment. 
3.2.3 Video Analysis of plumes 
The plumes were filmed using on a digital camcorder (Sony Handycam DCR_TRV280).  
The camera lens was fitted with an Ocean Optics high pass filter (> 475 nm) in order to reduce 
reflections from the blue light source (emission peak at 450 nm) striking the acrylic tubing while 
capturing the green fluorescence of the dye (emission peak at 514 nm).  Each plume trial was 
filmed for 10 minutes, which provided sufficient time for the plume to set up.  The video was 
then downloaded, edited into shorter segments, and saved in an avi format using Ulead Studios 7 
SE Basic.  For each plume a 10-20 second segment of video was analyzed using Open Source 
Physics Tracker software.  Three horizontal line profiles were set beginning at the point of dye 
release and extending downstream.  The center profile was aligned with the axis of the point of 
release.  The second profile was aligned with the top edge of the plume and the third profile was 
aligned with the bottom edge of the plume. For each line profile pixel brightness in luma, x 
coordinates, and y coordinates in centimeters were recorded.  The line profiles extended 
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horizontally for 8-12 cm and had a vertical spread of 1 pixel above and below the line.   Pixel 
brightness was used as an estimate of dye concentration in the plume.  Due to variation in video 
quality between trials, concentration variability was described using the ratio of pixel brightness 
in the area of interest to maximum pixel brightness measured at the dye release point.  Time 
steps were set at 30 frames per second.                 
3.3 Results 
All 45 odor mimic plumes were analyzed and one for each for each treatment was chosen 
for discussion in the results because plume structure was fairly consistent between runs within a 
treatment. Simulated odor plume concentration is reported as the ratio of pixel brightness along 
the transect to maximum pixel brightness measured at the odor source.  Plume structure was 
described for three horizontal transects (center, top, and bottom) through the plume extending 8-
12 cm from the source (Fig. 3.2).        
 
Figure 3.2 Line profiles for measuring pixel brightness of fluorescein plumes using Open Source 
Physics Tracker Program   
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3.3.1 Dye release from nozzle with no shrimp mimic 
The plumes generated within the model burrow (pipe) with no obstructions exhibited the 
most similar characteristics when they shared the same dye release speed.  Dye released at the 
slow speed traveled further and experienced less dilution and mixing as distance from the source 
increased.   Fast release plumes in both fast and slow carrier flow had some filamentous 
characteristics near the source, whereas slow plumes did not generate any filamentous strands of 
dye.  Fast release of dye resulted in higher degree of vertical mixing as distance from the source 
increased.  The degree of mixing experienced by the plumes was governed by the flow volume 
of the pipe.         
The slow carrier flow and slow dye release flow combination (ss) with no shrimp mimic 
produced a plume which was characterized by small discrete bursts (peaks in the profile) of dye 
separated by thin spaces of clear water (minima in the profile) (Fig.3.3a).  These bursts were 
represented by large fluctuations in peaks along the center profile with between 20% to 60% 
differences between the maximum and minimum values (Fig. 3.4a).  Each burst was well mixed 
internally. Distinct dye patches, spread vertically and horizontally from the center becoming less 
concentrated as distance from the source increased as illustrated by a decrease to a 5% difference 
between the peak maxima and minima (Fig. 3.4a).  The plume traveled along the centerline and 
drifted upward past 4 cm downstream from the source as the plume became more homogenous in 
concentration as demonstrated by the shift from the center profile to the top profile to 90% of the 
overall concentration (Fig. 3.4a).  
Slow carrier flow coupled with fast dye release conditions (sf) produced a plume that 
became better mixed than those in either the ss or fs conditions (Fig. 3.3 a, b, d).  The dye 
released from the source was filamentous in appearance and spread vertically downward 2 cm  
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Figure 3.3 Odor plumes generated in the model burrow using fluorescein dye with no shrimp 
mimic present.  (A) Slow pipe flow slow plume release. (B) Fast pipe flow slow plume release. 
(C) Fast pipe flow fast plume release.  (D) Slow pipe flow fast plume release. 
 
downstream (Fig. 3.4b).  Observed differences between peak maxima and minima of < 10% in 
all three profiles indicated a high degree of vertical mixing of the plume past 3 cm (Fig. 3.4b).  
The plume traveled along the bottom of the pipe and slowly mixed upward toward the center 
evident in the decrease in concentration of about 50% and an increase in the bottom profile (Fig. 
3.4b). Dye moving along the bottom of the pipe and portion of the plume traveling upstream 
were entrained in the slower flows around the walls of the pipe.  The fast, jet-like dye release 
into slow carrier flow created a convection cell which curled upward 7 cm downstream and 
moved upstream toward the source along the top of the pipe resulting in an increase of 
concentration in the top profile (up to 30%) and the spike in the center profile (Fig. 3.4b).  The  
A 
B 
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Figure 3.4 Normalized pixel brightness versus position downstream with no shrimp mimic (A) 
Slow carrier flow with slow dye release (B) Slow carrier flow with fast release.  
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upstream portion of the cell never traveled past the source curving back toward the bottom of the 
pipe at around 2 cm from the source as indicated by the large peak in the bottom profile at 2 cm 
(Fig.3.4b).  Mixing from the underside of the upstream segment and the top of the downstream 
portion occurred giving the plume a well mixed appearance (Fig. 3.3d, Fig. 3.4b). 
Fast carrier flow coupled with fast dye release conditions produced a plume that spread 
vertically and mixed more rapidly than both ss and fs conditions (Fig. 3.3 a, c, d).  The plume 
consisted of a concentrated filament with very little spreading in the first 2 cm downstream after 
which it developed close bursts (<5% difference between maxima and minima) as it approached 
to the bottom of the pipe these bursts spread upward becoming a vertical sheet (Fig. 3.5a).  
Slower velocities near the bottom of the pipe retarded the spreading of dye close on the 
underside of the plume which retained peaks in the range of 70 to 90% in the bottom profile (Fig. 
3.5a).  The plume drifted upward at 5 cm downstream which was evident in the decreased 
concentrations noted in the in the bottom profile and increased concentrations noted in both the 
center and top profiles (Fig. 3.5a).    
The plume produced under fast carrier flow and slow dye release conditions (fs) with no 
shrimp mimic mixed faster horizontally than vertically than in ss conditions (Fig. 3.3a,d ).  The 
dye close to the source was released in small well mixed bursts between spaces of clear water 
illustrated by 40% to 50% difference in peak maxima and minima along the center profile (Fig. 
3.5b).  No filamentous characteristics were observed in the plume.  The spaces of clear water 
decreased in width and difference in peak maxima and minima (between 5% and 10%) in the 
center profile with an increase of distance from the source as the bursts mixed horizontally 
becoming more homogenous.  Vertical migration of the plume was illustrated by a gradual 
decrease in pixel brightness measured in the center profile and a 60% increase in pixel brightness  
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Figure 3.5 Normalized pixel brightness versus position downstream with no shrimp mimic (A) 
fast carrier flow and fast dye release (B) fast carrier flow and slow dye release 
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measured in the top profile (Fig. 3.5b).  The plume traveled close to the center of the pipe where 
the highest flow speeds were likely to occur and did not come into contact with the walls of the 
pipe.   
3.3.2 Dye released from one shrimp mimic 
The presence of the shrimp mimic in the pipe created an obstruction to flow in the lower 
portion of the pipe.  Preliminary visualization of flow around the shrimp mimic showed that 
water flowed over the dorsal surface and around the sides of the shrimp, but not along the ventral 
surface of the shrimp that was blocked by the telson.  This left a shadow area of slower flow 
directly in front of the shrimp mimic near the point where the plume would be released.  The 
release point of dye as directed through the shrimp mimic was closer to the bottom of the pipe 
than in the no shrimp mimic trials.  All plumes released from the shrimp mimic had more vertical 
spreading than in the no shrimp trials.  Visible bursts of dye were characteristic of sf, ff, and fs 
treatments.  The degree of vertical spreading of the plume with distance from the source was 
dependent upon dye release flow.   Filamentous tendrils of dye were only present under 
conditions of slow carrier flow coupled with fast plume release (sf treatment) in the portion of 
the plume that turned and flowed upstream along the top sides of the pipe.       
Under slow carrier flow and slow dye release from the shrimp mimic the plume spread 
horizontally and vertically quickly (Fig.3.6a).  Neither discrete bursts nor individual filaments of 
dye were visible, as mixing between the burst occurred close to the source as evident in less than 
5% difference between peak maxima and minima in the center profile (Fig. 3.7a). The 
obstruction caused by the shrimp mimic created an area of shelter from the flow of the pipe 
around the area of dye release.  The dye spread horizontally across the burrow and the 
concentration of the dye decreased vertically (to 40%) in the center profile, both above and  
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Figure 3.6 Odor plumes generated in the model burrow using fluorescein dye with one shrimp 
mimic present.  (A) Slow pipe flow slow plume flow. (B) Fast pipe flow slow plume flow. (C) 
Fast pipe flow fast plume flow.  (D) Slow pipe flow fast plume flow.  
 
below the center line (to close to zero), as distance downstream increased (Fig. 3.7a). The dye 
did not migrate far above or below the height of the shrimp mimic and the downstream end of 
the plume appeared tapered (Fig. 3.6a). 
Fast release plumes in slow carrier flow (sf) from the shrimp mimic conditions produce a 
plume that dilutes more quickly than under ss conditions and curves back on itself (Fig. 3.6a,d).  
The plume near the source started at half the height of the shrimp, decreased in height as it 
migrated toward the bottom of the pipe.  Upon contact with the bottom of the pipe at about 3 cm 
downstream bursts of dye became visible and appear as 10% to 20% jumps in peak height in the 
bottom profile (Fig. 3.6d, Fig. 3.7b).  As the dye progressed downstream along the bottom the 
bursts mixed vertically becoming thinner horizontally and larger vertically as illustrated by a  
B 
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Figure 3.7 Normalized pixel brightness versus position downstream with one shrimp mimic (A) 
slow carrier flow and slow dye release (B) slow carrier flow and fast dye release  
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70% increase in the bottom profile with small difference of < 5% in peak maxima and minima 
(Fig 3.7b).  The downstream plume did not spread above the height of the shrimp until it curved 
upward at 8 cm from the source illustrated in the peak in the top profile (Fig. 3.7.b).  As the 
plume came into contact with the top walls of the pipe it traveled upstream in concentrated 
filaments parallel to the mainstream flow toward the source (Fig. 3.6d).  A 20% increase 
observed in the top profile was a result of the upstream filaments becoming entrained in slower 
water flow along the burrow walls (Fig. 3.7b).  The upstream filaments curved back toward the 
centerline as they reached the shrimp mimic and did not travel further upstream resulting in 
spikes in the center and top profiles between 1 and 2 cm from the source (Fig. 3.7b). 
Dye released from the a shrimp mimic under fast carrier flow and fast odor release (ff) 
conditions was characterized by bursts that mixed horizontally, but did not experience much 
vertical spreading as they progressed downstream (Fig. 3.6c).  Bursts of dye were visible close to 
the source as illustrated by a 60% differences in peak maxima and minima (Fig. 3.8a), but 
exhibited less spreading than in the ss and sf treatments with a shrimp mimic (Fig 3.6a, b,c).  The 
bursts decreased in width and increased in height 2 cm from the source becoming closer together 
as the difference in peak maxima and minima decreased to less than 5% in the top profile and 
10% in the center profile as distance from the source increased (Fig. 3.8a).  The plume drifted 
toward the bottom of the pipe between 0.5 and 2 cm, accounting for the 50 % spike in the bottom 
profile, downstream before migrating upward above the height of the shrimp mimic at around 3 
cm from the source shifting 70% of the concentration to the top profile (Fig 3.8a).  The plume 
became more homogeneous and 30 %to 50% less concentrated from 5 cm downstream resulting 
in a downward shift in the top profile (Fig. 3.8a).  The plume never came into contact with the 
walls of the pipe.    
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Figure 3.8 Normalized pixel brightness versus position downstream with one shrimp mimic (A) 
fast carrier flow with fast dye release (B) fast carrier flow with slow dye release 
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Fast carrier flow and slow dye release (fs) from a shrimp mimic produced a plume 
characterized by visible bursts of dye that spread out and diluted rapidly with distance from the 
source (Fig. 3.6b).  Discrete bursts of dye were visible close to the source with differences in 
peak maxima and minima between 40 and 20% in the bottom profile (Fig.3.8b).  The bursts 
decreased in width and increased in height as the distance from the source increased causing a 
decrease in concentration in the bottom profile and increases in the center and top profiles (Fig. 
3.8b).  The plume drifted toward the bottom of the pipe at 0.5 cm from the source resulting in the 
70% spike in the center profile (Fig. 3.8b).  The differences in the burst concentration and the 
surrounding water decreased to < 5% as they spread vertically after 4 cm downstream and 
eventually filled the pipe past 6 cm to concentrations < 20% for all three profiles (Fig. 3.8b).           
3.3.4 Dye released from one shrimp mimic in the presence of a downstream shrimp mimic        
A second shrimp mimic was added 6 cm downstream of the odor releasing shrimp to 
simulate conditions in the burrow in the presence of “receiving” conspecific which resulted in a 
second area of slower water flow along the bottom of the pipe in front of the downstream shrimp, 
whereas water flow above the shrimp was faster.   The degree of vertical mixing experienced by 
the plumes was determined by the speed of the dye release.  Plumes with slower release rates 
experience more spreading in the two shrimp treatment.  Pipe flow determined if a plume would 
curve back upstream toward the source along the top as it approached the second shrimp as 
observed in both slow pipe flow treatments.  Plumes released in slower pipe flows drifted 
upward as they approached the second shrimp.  All plumes but the ss treatment made contact 
with the second shrimp and flowing over the top and around the sides.   
A second mimic placed downstream of the first mimic acted as an impediment to flow 
causing the plume to turn upward and back toward the source shrimp in the slow carrier flow and 
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slow dye (ss) release treatment (Fig. 3.9a).  The bursts of dye with areas of low and higher 
concentration were more visible in the two shrimp than one shrimp treatment.  Differences in 
maximum and minimum peak values was most pronounced in the bottom profile with difference 
between 20% and 40% from 2 to 4 cm downstream, but decreases in both the top and bottom 
profiles to < 10% as distance downstream increased and the burst mixed horizontally (Fig.3.10a).  
As the plume approached the second shrimp it began to migrate upward between 3 and 5 cm 
downstream as illustrated by the shift in concentration from the bottom profile to the center and 
top profiles (Fig. 3.10a).  The plume curved upward to the top of the burrow and folded back on 
itself and moved upstream along the walls of the pipe in a dilute sheet which accounts for the   
increased concentrations of dye in the top profile upstream of up to 30% between 1-2 cm and 3-5 
cm (Fig. 3.9a).   The upstream portion of the plume curved back toward the center at 1 cm from 
the source resulting in an 80% spike in bottom profile (Fig. 3.9a).  A portion of the plume 
continued to move downstream over the second shrimp without coming into contact with it.  A 
space of clear water remained between the plume and the second shrimp as the moving plume 
flowed over or around an area of slower flow created by the obstruction of the second shrimp. 
Under slow carrier flow and fast dye release (sf) conditions with two shrimp mimics  the 
plume was characterized by concentrated bursts of dye which mixed as they moved downstream 
past the second shrimp while thin filaments of the plume turns upstream along the walls of the 
pipe toward the source (Fig. 3.9b).  Wide discrete concentrated burst of dye with 40% to 50% 
differences in maximum and minimum values traveled 4 cm downstream with very little vertical 
spreading remaining along the bottom profile (Fig. 3.10b).  Between 4 and 6 cm downstream the 
dye bursts mixed  resulting in a reduction in the difference between peak maxima and minima of 
<10%  in the bottom profile and moved vertically prior to reaching the second shrimp accounting  
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Figure 3.9 Odor plumes generated in the model burrow using fluorescein dye with two shrimp 
mimics present.  (A) Slow pipe flow slow plume release. (B) Fast pipe flow slow plume release. 
(C) Fast pipe flow fast plume release.  (D) Slow pipe flow fast plume release. 
 
for the increase in concentration in the center and top profiles of 50 % and 40 % respectively 
(Fig. 3.10b).  As the majority of the plume made contact with the shrimp and flowed over its 
carapace, small filaments of dye made contact with the upper walls of the pipe and moved 
upstream.  The upstream filaments were evident in the increase in concentration in the top profile 
between 2 and 3 cm from the source (Fig. 3.10b).  The filaments varied in thickness and intensity 
with some appearing as broad thick bands.   
Fast carrier flow coupled with fast dye release conditions with two shrimp mimics 
produced a plume that remained concentrated as it came into contact with the second shrimp 
(Fig. 3.9c).  The plume consisted of a filamentous stream from which 50% to 40% differences in  
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Figure 3.10 Normalized pixel brightness versus position downstream with two shrimp mimics 
(A) slow carrier flow with slow dye release (B) slow carrier flow with slow dye release  
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Figure 3.11 Normalized pixel brightness versus position downstream with two shrimp mimics 
(A) fast carrier flow with fast dye release (B) fast carrier flow with slow dye release 
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peak maximum and minimum values in concentration developed as the plume made contact with 
the slower velocities at the bottom of the pipe close to 2 cm downstream in the bottom profile 
(Fig. 3.11a).  The bursts remained similar in shape, size and concentration until they merged and 
decreased in the difference between peak maxima and minima to < 10% (Fig. 3.11a).  A 20% 
shift in concentration from the bottom to the center profile was evident the plume encounter a 
reduction in velocity caused by the second shrimp mimic at 4 cm downstream (Fig. 3.11a).  The 
plume moved over and around the second shrimp similar to under sf conditions, but no splitting 
of the plume was observed (Fig. 3.9b,c).   
The plume generated under fast carrier flow and slow dye release (fs) conditions with two 
shrimp mimics had visible bursts that spread vertically and became more dilute with distance 
from the source and flowed over the carapace of the second shrimp (Fig 3.9d).  Discrete bursts of 
dye separated by areas of lower concentration (between 10% and 30% difference in peak 
maxima and minima) were visible in the bottom profile close to the source.  The burst spread 
vertically and mixing with the water between the bursts increased, decreasing the difference in 
maximum and minimum peak values < 10%, as the plume came into contact with the slower 
velocities of the bottom of the pipe between 1 and 4 cm downstream in the bottom profile (Fig. 
3.11b).  An upward drift of the plume occurred between 4 and 7 cm resulting in 50% and 30 % 
increases in concentration in the center profile and top profiles respectively as it encountered a 
change in flow velocities from the obstruction of the second shrimp (Fig. 3.11b).  The plume 
came into contact with the carapace of the second shrimp above its mouth parts and flowed over 
the top and around the sides which was similar to observations made under fs and ff condition 
differing only in that the plume made contact near the bottom of the pipe (Fig. 3.9b, c, d).  
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3.4 Discussion 
Dispersal of odors in a fluid medium is critical to chemoreception in a variety of animals, 
however little attention has been given to plume formation and dispersal in fossorial habitats of 
burrowing infauna.   The physics of dispersal are constrained by the both the rate of fluid 
movement and the burrow walls within shrimp burrows. In this study I investigated the effects of 
odor mimic release rate, carrier flow speed, and obstructions in the burrow on odor dispersal 
within burrow habitats.    The confined nature of burrow habitats constrains the dispersal of 
odors such that the dynamics are very different than in more typical open-channel habitats.    
Instead of a filamentous plume that is dispersed by turbulence, plumes in burrows tended to be 
more coherent and orderly.  Altering the combinations of ambient flow speed and odor release 
speed affected the plume in ways that had not been anticipated, such as the upstream movement 
of filaments along the pipe walls.     
Characteristics of an odor plume that are most relevant to fossorial shrimp species are 
those that allow them to distinguish the direction, proximity, and  identity of the source.  The 
confining nature of the simple C. islagrande burrow which consists of a single main shaft with 
one to several dead end branches, make directional determination less complicated than in an 
open channel, as there is less space to turn.  This burrow type has also been documented for 
L.louisanensis and C. major (Felder & Griffis 1994).  The porous nature of C. islagrande and C. 
major burrows may allow for the use of mechanical cues carried through the sediments or 
burrow water in addition to chemical cues.  Volkenborn et al. (2012) found that hydraulic 
pressure from the activities of Netrypaea californiensis expended the entire area of the fossorium 
used in the experiments.  The combination of at least two cue types has been observed to 
influence the behavior of female crayfish, whereas males will respond to just female odor 
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(Aquilioni et al. 2009).  Behavioral variation in response to animal generated and odor cue only 
stimuli were observed between sexes for C.islagrande, C. major, and L. louisianensis (Chapter 
2).  This variation may be due to the difference in chemical composition of the cues or the 
presence of mechanical cues.   
The first step in responding to an odor signal is detecting the odorant in the carrier flow.  
The ability to follow, avoid, or remain downstream in an odor cue was demonstrated by C. 
islagrande, C. major, and L.louisianensis (Chapter 2).   My results suggest that odors travel 
along the centerline of the burrow, but also will migrate to the side walls depending on the speed 
of the carrier flow and any obstructions.  Proximity of the odor to the walls of the burrow may be 
critical, as contact with the burrow walls may expose the odor to bacterial degradation or allow 
the odorant to be adsorbed onto the sediments.  Also, C.islagrande, C. major and L. louisianensis  
are solitary burrowers so that competitors and potential mates enter the burrows by breaking 
through the wall of the burrow.  The distance from the burrow wall which is sampled by the 
interloper can potentially influence the quality of information that can be gleaned from an odor 
plume.   Plume structures such as bursts or filaments may allow a receiver to gage distance from 
a source or the type of source.  For example, odors diffusing from a passive source will be very 
different than those carried in a turbulent jet.   
In the absence of burrow obstructions, speed of the carrier fluid seemed to have relatively 
little impact on plume dispersal.  Because flow in the burrow was laminar at both slow and fast 
speeds, the largest impact on the plume was the degree to which the plume was stretched in the 
downstream direction. This may ultimately result in a more dilute plume, but over the small 
spatial scale investigated here, which is typical of burrows in the field, dilution was not 
significant.  Under such conditions, characteristics of odor release may be more important to 
76 
  
plume structure.  Urine plume release visualization in a crayfish, Astacus leptodactylus, revealed 
that release via gill currents created a more coherent and directed plume than currents generated 
by pleopod fanning (Breithaupt & Eger 2002).  The carrier flow used in this study was analogous 
to burrow ventilation and the point source release analogous to gill current or nephropore release. 
Activities such as burrow ventilation and pleopod fanning which create carrier flows within the 
burrow are less influential to plume structure than more directed currents such as those generated 
via gill currents or release from nephropores.        
The effect of dye (odor) release speed seemed to have a larger influence on patterns of 
odor dispersal in the burrows.  Releasing the dye at a slower rate resulted in a coherent odor 
(dye) stream that meandered towards the burrow walls.  In contrast, releasing the dye rapidly 
created a convection cell within the burrow such that odorant travelled upstream along the 
burrow wall back to the source.  Within burrows odor plume structure is governed by release rate 
similar to the frequency of urine-borne chemicals released from both gill currents and 
nephropores.  Dominance in agonistic interactions has been correlated with the amount of urine 
release through these avenues in snapping shrimp (Alpheus heterochaelus) (Herberholz & 
Schmitz 2001), H. americanus (Breithaupt et al. 1999), and A. leptodactylus (Breithaupt & Eger 
2002).  In these competitions, the movement of urine via gill currents created stronger directional 
streams of urine than pleopod fanning (Breithaupt & Eger 2002; Herberholz & Schmitz 2001).  It 
is possible that individuals are responding not only to the sheer volume of urine released, but 
also the structure of the plumes delivering the information.   Releases rate also determine the 
degree of contact with a burrow margins experienced by the plume, which potentially influence 
cue transport into and reaction with the sediments thus possibly distorting the signal experienced 
by a receiving shrimp.              
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Placing obstructions into the burrow in position of a source animal and a receiving animal 
acted to smear the odor signal and mix the odorant within the carrier fluid.  Each obstruction 
creates areas of slow and fast flow as the carrier fluid moves around the body.  These 
obstructions did not trigger turbulence, rather the compression and decompression of streamlines 
served to mix dye across the burrow.  Obstructions determine the degree of contact with the 
sediment that the plume experiences, which could lead to the chemical alteration of the plume 
components due to bacterial degradation or adsorbtion to sediment particles or exchange with the 
porewater.   The extent of smearing of the plume may provide additional information for the 
receiving shrimp for example distance or even size of the obstruction.  Convection cells that feed 
the odor plume back on the source may have provided input to the source shrimp about the 
presence of obstructions downstream.    
It is critical to note that both the odor source and receiving animal were stationary in our 
trials.  Under field conditions, these organisms will move within the burrow, thereby inducing 
burrow pumping, and will generate respiratory currents and feeding currents with pleopods and 
mouthparts.  These motions might help disperse odors and they also may allow the receiving 
organism to draw in odors that might otherwise be moving too slowly for rapid dispersal.  
Slow flowing plumes in slow flowing burrow water remained coherent and did not 
fragment into defined bursts.  Rather they spread out horizontally from the source not making 
contact with the walls of the burrow above and below the source.  A shrimp sampling burrow 
water from the margins would not contact the plume unless its antennae, mouthparts or legs 
extend far enough into the burrow.  Even within the tight confines for the y-maze, the shrimp 
appeared to sample different portions of the tube (personal observation).  The concentration 
gradient of the plume margins may be strong enough for detection above background noise, but 
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the coherent, non-filamentous, structure may provide very little additional information, such as 
distance from the source, to the receiving shrimp.  If the intruding shrimp were already present 
and stopped at least 6 cm downstream from the sources shrimp released odor under ss conditions, 
the plume would curve toward the top wall and move upstream before coming into contact with 
the second shrimp.  The returning filaments of odor might provide a signal to the source shrimp 
that there is an obstruction downstream.  Slow plumes released in fast ambient flows possess 
distinct bursts that do not extend above the midline of the burrow and mix with the ambient 
water and become homogenous quickly downstream.   These conditions would not be conducive 
to detection of an odor at a distance from the shrimp or from the top wall of the burrow.  A 
receiving shrimp that is in at least 6 cm downstream the start of odor release by a source shrimp 
would encounter a steep concentration gradient at the plume margin, but lacks discernable 
concentration bursts at that distance.  The plume also drifted upward and might only make 
contact with receptors on the antennules and mouth parts, but not the legs.  Receptors on these 
body parts might provide different sensory input.  Though we lack sensory information for 
thalassinidean shrimps they may have similar sensory capabilities to other crustaceans such as 
lobsters.  Moore and Atema (1988) found that H. americanus uses its antennules for sampling in 
short time periods (evident by flicking behavior), but use their legs for continuous odor 
sampling. 
The bursts generated by fast release plumes under fast ambient conditions mix 
horizontally into one another with very little vertical mixing.  The plume stays concentrated as 
distance from the source increases.  The plume margins may have a steep enough concentration 
gradient for detection above the noise, but would only be detectable at the middle to upper 
portion of the burrow.  Mixing within the plume might reduce any concentration gradient 
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dependent information about distance from the source.  An odor plume generated with the 
receiving shrimp at least 6 cm downstream would retain highly concentrated bursts of odor that 
would make contact with and flow over the entire shrimp.  The bursts would have a steep 
concentration gradient and receptors on three different body locations would encounter the 
plume.   
Fast plume release in slow burrow flow conditions would provide a steep concentration 
gradient at the plume margin as well as variation in burst signals along the bottom of the burrow 
to a receiver shrimp as it progressed upstream.  Parallel filaments moving upstream might be 
detectable.  The plume would not be detectable at long distances.  A shrimp downstream at 
plume creation under sf conditions would encounter a concentrated plume margin with a strong 
slope, but the subsequent bursts would be close in concentration.  The plume would contact leg, 
mouthpart and antennular chemoreceptors.  The portion of the plume that curled upstream along 
the burrow walls could alert the source shrimp to the presence of an obstruction downstream. 
 As in open channels, the plume properties generated in the model burrow varied with 
ambient speed and release speed as well as the location and the number of obstructions present.  
Many of these factors such as velocity gradients and obstructions would allow a plume to 
develop turbulent eddies in an open channel and increase plume dispersal.  Within the model 
burrow the velocity gradients produced on all sides by the walls did not allow turbulent eddies to 
form even with the addition of obstructions.  Instead the plume experienced less dilution as 
distance from the source increased and retained many of its structures such as bursts and 
filaments.  The ability of crustaceans to use odor plumes for navigation to food sources has been 
well studied in open channels where there are larger distances between boundaries.  C. 
islagrande, C. major, and L. louisianensis have demonstrated the ability to avoid or follow an 
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odor cue toward a source (Chapter 2).  Odor plume structure is better preserved with in the 
burrow and may provide information as to the direction, distance, and identity of the source.           
3.5 Conclusions 
The ability of fossorial organisms to distinguish between potential competitor, mate, or 
predator without making physical contact is limited to chemical or mechanical cues.   Gaining 
information about an intruder from a distance would allow an individual to take steps to defend 
their territory or avoid possible injury or death resulting from a confrontation.  Callichirus 
islagrande, Callichirus major, and Lepidophthalmus louisianensis are three species of infaunal 
thalassinidean shrimp that have demonstrated the ability to follow or avoid conspecific odor cues 
and distinguish between sex (Chapter 2).  Odor plume behavior within the burrow environment  
was characterized using a model burrow.  Two flow rates, 3.5 ml min
-1
 and 45 ml min
-1
, based on 
pumping rates of C. islagrande measured by Stanzel and Finelli (2004) were used.  Carrier flow  
was considered analogous to burrow ventilation.  An odor plume mimic of neutrally buoyant 
Fluorescein dye was released from a point source to simulate directed urine plumes such as those 
created by gill currents.   Slow carrier flow, fast carrier flow, slow plume release and fast plume 
released were crossed for each of the following conditions:  no shrimp mimic, 1 shrimp mimic as 
the source for dye release, and 2 shrimp mimics (one source and one 6 cm downstream).   The   
Reynold’s numbers (Re) of 3.8 for 3.5 ml min-1 and 49 for 45 ml min-1 and flow in the pipe 
remained laminar.  Release rate was more influential in determining plume structure and 
direction.  Plume characteristics such as bursts or filaments were retained further downstream 
from the source if they came into contact with burrow walls.  The presence of obstructions 
(shrimp mimics) influenced the location of the plume in the burrow and slowed flow velocities 
such the plumes retained their structures and slowed dispersion.  The presence of obstructions 
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created convection currents that allowed the portions of the plumes to travel upstream along the 
top walls of the burrow in the slow carrier flow with slow release, slow carrier flow with fast 
release conditions for two shrimp mimic and slow carrier flow with fast release for one shrimp 
mimic.  Thalassinidean shrimp could potentially use plume characteristics in order to detect odor 
cues against a background, gage distance, direction, and identity of an odor source.  
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CHAPTER 4 
HOWDY NEIGHBOR! A FLUME STUDY OF POTENTIAL BURROW TO BURROW 
CHEMICAL COMMUNICATION IN THALASSINIDEAN SHRIMP. 
 
4.1 Introduction 
 
 The use of water- borne and contact chemical cues for communication by crustaceans has 
been well documented for species in open water or semi enclosed dens.  For example, courtship 
behavior is elicited in response to urine-borne pheromones in American lobster, Homarus 
americanus (Atema 1986; Cowan & Atema 1990; McLeese 1973), and the blue crab, Callinectes 
sapidus (Gleeson 1991).  Exposure to water and objects conditioned with female pheromones of 
the shore crab, Carcinus meanus, can trigger a behavioral response strong enough that affected 
males will attempt to mount other males or even inanimate objects (Hardege et al. 2002).  Not 
only are attractive behaviors exhibited in response to such cues, but water-borne pheromones 
play a role in mediating agonistic competition for mates and burrows in stomatopods (Caldwell 
1979, 1982, 1992).  Larval forms are subject to chemical signals similar to adults.  Larvae of the 
barnacle, Balanus amphitrite, settle in response to contact with pheromones adsorbed to surfaces 
(Rittschof 1993), and free-swimming larval Callichirus major settle in response to adult-
conditioned water (Strasser & Felder 1999).   
In contrast to these epibenthic examples, chemical communication among burrowing 
species is relatively unstudied.  In a previous chapter, I showed that the ability to detect 
conspecific chemical cues by adults of three species of ghost shrimp, Lepidophthalmus 
louisianensis, Callichirus islagrande, and Callichirus major, was evident in y-maze experiments.  
However, as has been shown in both terrestrial and marine examples, the dispersal of odors by 
ambient flow may alter the response of navigating organisms.   The confined geometry of 
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infaunal burrows may constrain the manner in which chemical cues are employed by 
thalassinidean shrimps.     
The transport of chemical cues from a source and to their subsequent detection by a 
receiver may be influenced by a number of factors.  Environmental conditions such as ambient 
flow, number and type of boundaries, and release rates of odorant determine the spatial and 
temporal characteristics of an odorant cue available to a receiver.  The effect of these conditions  
on odor plume structure have been demonstrated in open-channel flow conditions (Bushmann & 
Atema 1993; Finelli et al. 1999; Finelli et al. 2000; Webster & Weissburg 2001) and appear to 
differ from the plumes generated in the enclosed burrow conditions I described in Chapter three.  
The ability of an animal to detect a signal against an elevated chemical background using 
concentration gradients, concentration bursts over time, as described by Moore & Atema (1991) 
may be particularly germane to ghost shrimp that inhabit burrows that have limited exchange 
with the water column and are perfused with metabolites from both shrimp and microbes (Felder 
& Griffis 1994).  Odorant quality may also change with distance from the source due to chemical 
degradation, uptake by bacteria, or adsorption to particles or sediment (Atema 1996).  As 
thalassinidean shrimp burrows are bounded by sediment particles which support diverse bacterial 
communities, the alteration of odorant by either bacteria or adsorption may be of particular 
importance to these shrimps.              
Burrows are also constructed in porous sediments, which presents the opportunity for 
interburrow transport of odors through the sediment matrix and via the overlying water.  
Communication between burrows maybe particularly important for fossorial crustaceans that are 
often aggressive towards conspecifics, but also must pair to copulate.  For infaunal organisms, 
exchange of water within the burrow not only occurs through the burrow opening, but also from 
84 
  
the porespace in the sediments.  The exchange of water from the porespace to the burrow is 
much slower than exchange with the overlying water due to the tortuousity, or path around the 
sediment particles that porewater must travel (Berner 1980).  Chemical exchange from porewater 
is driven by molecular diffusion such that surface area of the burrow is a primary control of 
diffusion rates.  Active bioirrigation has been considered negligible (e.g. Berner 1980), but 
recent evidence suggests that infaunal activity may ventilate both burrows and pore water 
(Wethey et al. 2008; Volkenborn et al. 2012; Woodin et al. 2010).  Huettel and Gust (1992) 
observed that mounds and other biological structures can enhance porewater exchange in the 
sediments via advection penetrating several centimeters into the sediments.  Solute exchange in 
sandy sediments is enhanced by empty burrow structures in the presence of waves (Webster 
1992).  Volkenborn et al. (2012) observed that the direction of hydraulic related activities as well 
as the burrow structure has significant influence on the direction and extent of the bioadvection 
of porewater.  Burrow ventilation that draws water into burrows through an opening through the 
sediment surface pushes water into the porespaces and hydraulic activities which eject water 
from the burrow through such openings pull porewater into the burrow and surface water into the 
surface sediments (Volkenborn et al. 2012; Wethey et al. 2008; Woodin et al. 2010).  Possible 
effects of these phenomena on chemical transport through the sediments and around burrows 
have also been ignored by modelers of chemical transport.  It is possible that currents generated 
by bioirrigation coupled with advective transport could carry chemical cues through the 
sediments.  
As the chemical cues used for communication by thalassinidean shrimps are unknown, 
this study explores the potential for burrow to burrow communication through the sediments.  I 
conducted a series of flume studies in which mock burrows were constructed and fluorescent dye 
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was used to trace the movement of potentially odor containing water through the sediment 
porewater and via surface plumes.  In order to characterize the porewater flow around a source 
burrow and the surface sediments of a second downstream burrow, porous models Callichirus 
islagrande burrows were constructed in a race track flume and tested under natural flow speed 
and pumping conditions.  Burrow water density and burrow activity of the downstream burrow 
(pumping or not pumping) were the variables that were tested for their possible effect on the 
transport of burrow effluent through permeable sediments.   
4.2 Methods 
 
The potential transfer of chemical cue through the sediments via burrow effluent plume 
was tested between July 23-28, 2008, using the large race track flume located at the LUMCON 
Defelice Marine Center in Cocodrie, LA (e.g. Finelli 2000).  The flume was filled to a depth of 
14 cm with fresh tap water at 26ºC.  The straight working section of the flume was covered in a 
thin layer (~ 1 cm) of sandy sediment leading up to and away from the drop box (length = 61.0 
cm, width = 81.9 cm, and depth = 27.9 cm) which was also filled with sediment (Fig. 4.1).  The 
sediment used for this experiment was collected from the north side of Isle Dernieres, LA, where 
both C. islagrande and C. major reside.  This allowed the experiments to be carried out in the 
same grain-size conditions as the shrimp experience in the field.  The sediment surface was 
smoothed by hand and nine sediment mounds were created in a regular 3 x 3 grid (27.0 cm apart 
in the cross stream and 20.3 cm apart in the downstream directions) to simulate the presence of 
shrimp burrows (Fig. 4.1).  The center (in the cross stream direction) burrows in the upstream 
and center rows were constructed such that they could simulate shrimp ventilation with effluent 
passing through a central lumen matching the dimensions of a C. islagrande burrow.  The lumen 
of the burrow was connected to a peristaltic pump through which dyed (1 g L
-1
 Rhodamine- 
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Figure 4.1 Working section of flume with burrow mound diagram.  Parallel flow transects are 
marked with red double arrows and crosstream transects with red lines.   
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FWT) burrow effluent was pumped.  The first burrow released the dyed solution, so that the 
burrow effluent plume could be tracked both visually and using an Ocean Optics fiber optic 
fluorometry probe (Fig. 4.2).  Burrow water exchange was mapped by measuring Rhodamine-
FWT concentrations along two transects.  One transect extended outward from the center of the 
dye releasing burrow for at least 40 mm in both the upstream and downstream directions.  The 
length of the transect parallel to water movement was adjusted according to the visibility of the 
plume on the sediment surface.   The second transect, positioned perpendicular to the first, 
extended from the center of the source burrow the left and right for 10 mm to both sides.  
Measurements at each location along the transect were taken along a transect beginning at 1 mm 
from the burrow center and every 5 mm after.  At each sampling point, measurements were taken 
at the sediment surface and every 2 mm into the sediment to a depth of 9 mm.  One measurement 
of the burrow effluent was taken at 1 mm depth within the burrow lumen.  The dye-releasing 
burrow pumped in 10-minute intervals similar to shrimp observed by Stanzel & Finelli (2004).  
The second (downstream) burrow pumped undyed water to simulate burrow activity in the 
receiving burrow.  Measurements at the receiving burrow extended 10 or 20 mm in the upstream 
direction, depending on plume visibility, and 10 mm in the downstream direction. The cross 
stream transects extended 10 mm on either side of the burrow center.  Measurements were made  
every 5 mm and extended into the sediment for 5 mm with measurements recorded every 2mm.  
Both burrows pumped at 3.5 ml min
-1
, mimicking output for a typical C. islagrande burrow as 
estimated by Stanzel & Finelli (2004). 
The following treatments were performed under ambient mainstream flow conditions of 5 
cm s
-1
 (typical for the shallow sand flats inhabited by C. islagrande) in the flume.   Two effluent 
density treatments, neutrally buoyant and natural (elevated) density, were crossed with two  
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Figure 4.2 Ocean Optics fluorometer with fiber optic probe 
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activity treatments of the downstream (receiving) burrow, active and inactive.  The pumping 
activity treatments allowed me to determine what roles the external burrow structure and 
pumping activity have dispersal of the burrow water emitted from the first burrow.  Each 
combination was performed three times. 
4.2.1 Sediment grain size analysis and burrow measurements 
Because the transport of burrow fluids depends on sediment characteristics, I measured 
the dimension of burrow mounds and sediment grain size distribution of both burrow mounds 
and burrows collected from the field.  Thirty-five sediment cores and burrow mounds were 
collected from the beach on Isle Dernieres, Louisiana.  For the burrow mounds, two diameter 
measurements were taken to the nearest 0.1 cm using a ruler.  The diameters were measured 
from the outer edges of the burrow mound through the center of the burrow opening at 90º angles 
to each other.  An average of the two diameters was reported as mound diameter.  The diameter 
of the burrow opening was also measured to the nearest 0.1cm.  Mound height was measured to 
the nearest 0.1 cm from the highest point of the mound to the mound base at the sediment 
surface.  After the measurements were recorded, the burrow mound was removed from the 
sediment surface using a paint scraper and sealed in a numbered zip lock bag.  The 
corresponding core was taken using a 60 ml syringe from which the top had been removed.  
Using the burrow opening as the center of the core, the syringe was driven in to the sediment 
until the plunger tip (approximately 10.7 cm depth) was flush with the sediment surface.  The 
core was extruded into a labeled zip lock bag.  All samples were transported to the laboratory. 
The mounds and cores were placed in pre-weighed and labeled pans and wet weights 
were recorded.  The samples were then dried at 76º C for 5 days, until dry.  The dried samples 
were reweighed and the dry weight was recorded.   Mound volume was estimated by calculating 
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the volume of a cone (v = 1/3 π r2 h), where r is the radius of the mound and h is the height of the 
mound (h).  Core volume was calculated as the volume of a cylinder (v = π r2 h) using the height 
of the syringe to the tip of the plunger (h = 10.7 cm) and the radius of the syringe (r = 1.3 cm).   
The weight of water in the mounds and cores was calculated using the difference between the 
wet weight and dry weight.  The ratio of wet weight to dry weight was also calculated for 
mounds and cores. Each dry sample was reweighed and placed in stacked sieves. The sieves 
were shaken on a commercial sieve shaker (RoTap) for 20 minutes, after which the fraction 
remaining in each sieve was weighed.  The sieves of the following mesh sizes were used: 2.0 
mm, 1.0 mm. 500μm, 250μm, 125μm, 62μm, and <63μm.  The mean size-fraction masses were 
calculated.  Three cores were also collected from the flume sediments.  Mean wet weight, dry 
weight and size-fraction masses were measured and calculated using the same methods as the 
field sediment cores. 
4.2.2 Burrow models  
The two active burrows were constructed of materials that allowed for porewater 
exchange with the surrounding sediments.  Plastic mesh screen was formed into an 18.5 cm long 
tube with an inner diameter of 0.6 cm, covered with nylon from pantyhose, and held in place by 
cable ties (Fig. 4.3).  The base of the mesh tube was sealed with silicone caulking to flexible 
peristaltic tubing.  The burrows were buried in the sediment of the drop box so that the top of the 
mesh was flush with the sediment surface.  The burrow opening was plugged with a small 
wooden skewer and the mound was constructed around it by releasing sand through a funnel held 
several centimeters in the water column above the burrow until the burrow height measured 
0.8cm.  The other seven inactive burrows were consisted of burrow mounds constructed in the 
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same manner as the active burrows and the burrow shaft was created using a wooden skewer 
inserted into the center of the mound.   
Nine burrow mounds with central lumens were constructed three across (27. 0 cm apart 
and 13.5 cm from the walls) and three deep (20.3 cm apart and 10 cm from the margins of the 
box) in the drop box using the average dimensions of the mounds build by C. islagrande.   
Average burrow dimensions (mound diameter = 6.2 cm, burrow height = 0.8 cm, burrow 
diameter = 0.6 cm) were determined from field measurements taken at the site of sediment 
collection on the north side of Isle Dernieres, LA.         
4.2.3 Burrow effluent preparation and measurement 
Rhodamine-FWT (1 g L
-1
 concentration) was used for the surface visualization of the 
burrow effluent plume and for tracking porewater exchange between the mimic burrows.  The 
dye was mixed with tap water to prepare the neutrally buoyant dye solution.  Water from natural 
C. islagrande burrows is saltier (~4‰, Finelli unpublished data) than the overlying water, which 
can have a large effect on dispersal of effluent plumes.  In order to model burrow effluent 
behavior the density difference between the burrow and ambient water was calculated from 
specific gravity measurements of water of the two salinities (0.3% difference).  In order to create 
the density difference between the dye solution and the flume water for the natural density 
treatment, Instant Ocean was added to the dye solution until the correct density difference was 
achieved.  The source burrow pumped the effluent in 10 minute intervals followed by 10 minutes 
of rest in order to mimic pumping cycles observed in the field and laboratory by Stanzel and 
Finelli (2004) for C. islagrande.  Sampling occurred over these periods and the resulting profiles 
were averaged over three runs. 
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Figure 4.3 Mock Callichirus islagrande burrows 
Burrow water exchange was measured using a fiber optic Ocean Optics fluorometry 
probe.  A high pass filter (>515 nm) was used to reduce back scatter from the sediment in the 
blue region.  Probe vertical and horizontal position was controlled using a micromanipulator.  
Emission spectra of the Rhodamine-FWT solutions were taken for each point in the sediment 
profile and integration time recorded.  The brightness of fluorescence was recorded in raw counts 
for the wavelengths within ±10 nm of 580 nm, the maximum emission for Rhodamine-FWT 
(Smart & Laidlaw 1977).  This raw data was corrected for any changes in integration time and 
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then scaled using a standard Rhodamine-FWT curve.  The concentrations were averaged over 
three trials for each combination of conditions.   
4.3 Results 
4.3.1 Grain-size analysis of field and flume sediments 
Grain size analysis of the burrow mound, burrow core and flume sediments yielded 
similar compositions.   The greatest fluctuation in grain size occurred between the 250μm and 
125 μm size fractions, both of which were within the sand size fraction of 2.00 mm to 125 μm 
(Fig. 4. 4).  The greatest proportion of sediment fell within the sand range for all three categories 
(burrow mound 99%, burrow core 98.2%, and flume 94.3%).  Silt content of the sediments 
ranged from 0.9 % for the mound to 4.4 % for the flume core.  Between 76 % (mound) and 82% 
of the sediment wet mass was rock mass (Table 4.1).  Water mass per volume varied from 1.34 
g/cm
3
 in the mound and to 0.36 and 0.38 g/cm
3
 for the field core and flume cores respectively 
(Table 4.2).  Volume was constant for both field and flume cores due to the sampling method, 
whereas burrow mound was calculated using the volume of a cone, which may account for some 
of the variation in the mass per volume measurements (Table 4.1, Table 4.2).         
4.3.2 Neutral density burrow effluent profiles for the source burrow 
Concentration profiles around the source burrow pumping neutrally buoyant effluent 
lacked uniform change in distribution with depth and distance, fluctuating within one order of 
magnitude of the concentration at the center of the burrow (Fig. 4.5, Fig. 4.6).   Peaks of higher 
and lower concentration alternated to varying degrees with depth and distance.   Downstream 
profiles experienced the least fluctuation between 1 to 5 mm and 35 to 40 mm from the center 
(Fig. 4.5).  The largest spikes in concentration were observed at 20 and 30 mm downstream at 1 
mm depth followed by a general decline in concentration between 2 and 5 mm depth for all  
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Table 4.1 Mean and standard deviation sediment masses, proportions, and core volumes 
Portion of 
burrow 
sampled 
Mean wet 
mass (g) 
Mean dry 
mass (g) 
Mean water 
mass (g) 
Mean 
volume 
(cm
3
) 
Mean 
proportion 
of dry to wet 
mass 
Mound 66.88±76.29 50.93±58.48 15.95±17.83 11.87±12.97 0.761±0.02 
Core 102.04±9.68 80.68±8.42 21.36±2.01 56.81±0.00 0.791±0.03 
Flume 106.69±2.14 87.51±2.21 19.18±0.24 56.81±0.00 0.820±0.01 
 
 
Table 4.2 Sediment calculations from the mounds and cores 
Portion of 
burrow sampled 
Mean wet 
mass/volume 
(g/cm
3
) 
Mean dry mass 
/volume 
(g/cm
3
) 
Mean 
mass/volume 
(g/cm
3
) 
Mean 
percentage of 
dry to wet 
mass/volume 
Mound 5.63 4.29 1.34 0.06 
Core 1.80 1.42 0.38 0.01 
Flume 1.88 1.54 0.36 0.01 
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Figure 4.4 Mean proportion of grain size with standard deviation for field burrow mound, burrow 
cores and flume cores 
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profiles but the 15 mm distance.  Concentration peaks within the 550 to 750 μg L-1 range were 
observed slightly out of phase between the 5, 10, 20, 30 and 35 mm profiles (Fig. 4.5).  Though 
the fluctuations remained within 1order of magnitude of concentration, the profiles located 
upstream from the burrow center where characterized by larger peaks (1000 to 1700 μg/L) in 
concentration at 2, 5, and 8 mm depths (Fig. 4.5).  The largest differences in were observed in 
the 10, 25, 30 and 40 mm upstream profiles.  The general trends appeared similar if somewhat 
out of phase with depth for profiles upstream and downstream.   
Concentration profiles situated perpendicular to flow (left and right of center) exhibited 
similar shifts and remained within one order of magnitude of the concentration near the surface 
at the center of the burrow.  The largest peaks in concentration on the left side occurred in the 15 
mm profile at 2 mm (approximately 1750 μg/L) and 6 mm (approximately 1250 μg/L) depth 
(Fig. 4.6).  Similar trends were observed in the 10 and 20 mm profiles.  The least fluctuation was 
evident in the 1 mm and 30 mm profiles.   The right side profiles appeared out of phase with 
those on the left.  The largest spikes in concentrations occurred in 5mm profile at 4 mm depth 
where the concentration approached 2 μg L-1 and over 1250 μg L-1 at 7 mm depth in the 20 mm 
profile (Fig. 4.6).  The least amount of fluctuation occurred in the profiles closest to and furthest 
from the burrow center. 
4.3.3 Neutrally buoyant burrow effluent profiles for the inactive and active second burrow 
The inactive second burrow was located 20.3 cm downstream of the first and all 
concentrations measured in the profiles were on the order of 2 magnitudes lower that the source 
burrow upstream.  The burrow effluent plume had the most contact with the top layer of 
sediments closest to the source.  This is evident in the upstream profile as the topmost 
concentrations are highest in the 20mm (6 μg/L) and the 15 mm (5 μg/L) upstream of burrow  
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Figure 4.5 Concentration (μg L-1) of Rhodamine dye measured at sediment depths along a 
transect aligned with surface water flow extending 40 mm from the burrow center in both 
upstream and downstream directions surrounding the source burrow 1 for neutral buoyancy 
burrow effluent.   
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Figure 4.6 Rhodamine dye concentration (μg L-1) measured at sediment depths along a transect 
aligned perpendicular to surface water flow extending 30mm from the burrow center in the left 
and right directions for neutrally buoyant burrow effluent pumped from the source burrow 1.  
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two and closest to the source, where as topmost concentration for the downstream, left and right 
transects registered below 2 μg L-1  (Fig. 4.8).  A general trend toward zero within 2 mm of depth 
was observed for all profiles.  A small increase in concentration occurred after 4 mm depth in the 
20mm profile (Fig. 4.7, Fig. 4.8).  Dye concentration near the surface in the center of the burrow, 
though lower than the surface concentrations, remained slightly higher than the porewater 
concentrations below 2mm indicating that small amounts of the dye may have entered the 
inactive burrow (Fig. 4.7, Fig. 4.8). 
Active pumping in the second burrow reduced the dye concentrations by 3 orders of 
magnitude from the source burrow and one order of magnitude when compared to the inactive 
burrow (Fig.4.5, Fig. 4.6, Fig. 4.7, Fig. 4.8, Fig. 4.9, Fig. 4.10).  Overall trends in the profiles 
still exhibited a decrease in concentration to 2 mm depth in all profiles, below 4 mm where 
increases in concentration occurred in the 10 mm profiles down and upstream as well as in the 1 
mm profiles to the left and right (Fig. 4.9 & Fig. 4.10).  Concentrations in the majority of profile 
points in both active and inactive burrow two remained close to or less than the value measured 
for the center of the burrow.  
4.3.4 Natural density burrow effluent profiles for the source burrow 
Concentration profiles of natural density burrow effluent around the source burrow were 
characterized by less fluctuation, generally within 600 μg L-1 and no greater than one magnitude 
difference, in all profile orientations (Fig. 4.11, Fig. 4.12).  The majority of concentrations 
remained below the concentration for the center of the burrow with only 1 to three peaks 
exceeding this value.  Downstream values approached the central burrow near-surface 
concentration with increasing depth in the 5 mm and 15mm profiles, but only at 9mm depth at 15 
mm did the concentration exceed the central burrow concentration (Fig. 4.11).  Dye  
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Figure 4.7 Concentration (μg L-1) of Rhodamine dye measured at sediment depths along a 
transect aligned with surface water flow extending 20 mm from the burrow center in the 
upstream and 10 mm in the downstream directions surrounding an inactive burrow 2 (20.3 cm 
downstream from the source burrow) for the neutrally buoyant burrow effluent treatment. 
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Figure 4.8 Concentration (μg L-1) of Rhodamine dye measured at sediment depths along a 
transect aligned perpendicular surface water flow extending 10 mm from the burrow center in 
both the right and left directions surrounding an inactive burrow 2 (20.3 cm downstream from 
the source burrow) for the neutrally buoyant burrow effluent treatment. 
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Figure 4.9 Concentration (μg L-1) of Rhodamine dye measured at sediment depths along a 
transect aligned with surface water flow extending 10 mm from the burrow center in both the 
upstream and downstream directions surrounding an actively pumping burrow 2 (20.3 cm 
downstream from the source burrow) for the neutrally buoyant burrow effluent treatment. 
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Figure 4.10 Concentration (μg L-1) of Rhodamine dye measured at sediment depths along a 
transect aligned perpendicular surface water flow extending 10 mm from the burrow center in 
both the right and left directions surrounding an actively pumping burrow 2 (20.3 cm 
downstream from the source burrow) for the neutrally buoyant burrow effluent treatment. 
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concentrations in the upstream direction spike above the central burrow concentration between 
1and 2 mm depth and again around 7 mm depth in the 15 mm profile (Fig. 4.11).  Along the 
horizontal transects dye concentrations surpassed the central burrow near-surface concentration 
at 5mm depth in for the 15 mm profile on the left and 25 mm profile to the right (Fig. 4.12).  The 
central burrow near-surface concentration was exceeded two more times in the right side at 3 
mm depth for the 10 mm profile and 9 mm depth for the 25 mm profile (Fig. 4.12).    
4.3.5 Naturally density burrow effluent profiles for an inactive and active second burrow 
Regardless of burrow activity, Rhodamine-FWT concentrations in the natural density 
effluent that reached into the sediments near the second burrow were three orders of magnitude 
lower than measurements taken from the center of the source burrow (Fig. 4.11, Fig. 4.12, Fig. 
4.13, Fig. 4.14, Fig. 4.15, Fig. 4. 16).  A similar concentration scale was observed in the active 
second burrow treatment with neutrally buoyant effluent.  Higher concentrations in dye in the 
surface sediments above 2 mm were observed for all profiles in all four orientations in both 
active and inactive treatments (Fig. 4.13, Fig. 4.14, Fig. 4.15, Fig. 4.16).  Concentrations 
fluctuated between 0.05 and 0.5 μg L-1 under inactive conditions versus 0.05 and 0 μg L-1 for 
active conditions (Fig. 4.13, Fig. 4.14, Fig. 4.15, Fig. 4.16).  Inactive burrow transects exhibited 
some degree of increase in concentrations at depths below 3 mm for the following profiles:  left 
(10 mm), right (1 and 5 mm), downstream (1 and 5 mm), and upstream (1, 5, and 20 mm) (Fig. 
4.13, Fig. 4.14).  The active burrow only produced one pronounced increase in concentration 
with depth between 3 and 5 mm in the 5 mm downstream profile (Fig. 4.15, Fig. 4.16).  
Measurements taken in the center of burrow two during the active natural density treatment were 
much higher (2.5 μg/L) than in the other three treatments (Fig. 4.15, Fig. 4.16).   
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Figure 4.11 Rhodamine dye concentration (μg L-1)  measured at sediment depths along a transect 
aligned with surface water flow extending 20 mm from the burrow center in the upstream and 40 
mm in the downstream directions for natural density (heavy) burrow effluent pumped from the 
source burrow 1.  
 
105 
  
Distance to the right of the burrow lumen (mm)
5 10 15 20 25
S
ed
im
en
t d
ep
th
 (
m
m
)
-9
-8
-7
-6
-5
-4
-3
-2
-1
200 
400 
600 
800 
1000 
 
 
Distance to the left of the burrow lumen (mm)
5 10 15 20 25
S
ed
im
en
t d
ep
th
 (m
m
)
-9
-8
-7
-6
-5
-4
-3
-2
-1
100 
200 
300 
400 
500 
600 
700 
800 
 
Figure 4.12 Rhodamine dye concentration (μg L-1) measured at sediment depths along a transect 
aligned perpendicular to surface water flow extending 25 mm from the burrow center in both the 
left and right directions for natural density (heavy) burrow effluent pumped from the source 
burrow 1. 
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 Figure 4.13 Concentration (μg L-1) of Rhodamine dye measured at sediment depths along a 
transect aligned with surface water flow extending 20 mm from the burrow center in the 
upstream and 10mm in the downstream directions surrounding an inactive burrow 2 (20.3 cm 
downstream from the source burrow) for the natural density (heavy) burrow effluent treatment. 
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Figure 4.14 Concentration (μg L-1)  of Rhodamine dye measured at sediment depths along a 
transect aligned perpendicular to the surface water flow extending 10 mm from the burrow center 
in the right and left directions surrounding an inactive burrow 2 (20.3 cm downstream from the 
source burrow) for the natural density (heavy) burrow effluent treatment. 
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Figure 4.15 Concentration (μg L-1) of Rhodamine dye measured at sediment depths along a 
transect aligned with surface water flow extending 20 mm from the burrow center in the 
upstream and 10mm in the downstream directions surrounding an actively pumping burrow 2 
(20.3 cm downstream from the source burrow) for the natural density (heavy) burrow effluent 
treatment. 
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Figure 4.16 Concentration (μg L-1) of Rhodamine dye measured at sediment depths along a 
transect aligned perpendicular to the surface water flow extending 10 mm from the burrow center 
in both the right and left directions surrounding an actively pumping burrow 2 (20.3 cm 
downstream from the source burrow) for the natural density (heavy) burrow effluent treatment. 
110 
  
4.4 Discussion 
4.4.1 Chemical detection in crustaceans 
Crustaceans use a variety of chemical cues to help them negotiate their environments.  
Behavioral and physiological evidence of the existence of chemicals that signal to an organism 
the opportunity to mate or find a meal have been well studied in crustaceans.  For some species 
the cue has been chemically characterized and behaviorally tested, but production quantities and 
physiological detection limits have yet to be tested as in Carcinus maenas (Hardege et al. 2002).  
For other species, estimates were made of behavioral detection of limits based on urine 
approximate dilution rates without knowing the actual identity of the chemical or chemicals 
responsible for attraction.  Horner et al. (2006) found that the spiny lobster could detect urine 
signals that had been diluted 1:100 and further diluted downstream by about 4 orders of 
magnitude.  Detection limits for a number of amino acids, many of which are associated with 
feeding, have been established.  Bagøien and Kiørboe (2005) suggest that the female sex 
pheromone used by the copepod, Centropages typicus, is an amino acid.   Panulirus argus 
responded to levels as low as 10
-13
M of taurine and possibly have thresholds far below this 
concentration (Derby & Ache 1984).  The working range of taurine-sensitive cells in P. argus is 
thought to range within 6 orders of magnitude (Derby & Ache 1984).  Callinectes sapidus has a 
working detection range of ten orders of magnitude as low as 10
-15
g/L of clam extract (Pearson 
& Olla 1977).   Individual amino acid concentrations within this mixture were estimated to 
concentrations as low as 10
-13
M (Person &Olla 1977).     
4.4.2 Possible dilution and distribution of chemical cues  
Lepidophthalmus louisianensis, Callichirus islagrande, and Callichirus major exhibit 
behaviors consistent with conspecific communication (Chapter 2).  As neither the identity nor the 
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production quantity of the cue has been discovered, all rates will be based on the possibility that 
some of the detection rates for amino acids apply.  Burrow water concentrations in both neutrally 
buoyant and natural density treatments varied by 1 to 2 orders of magnitude within the sediments 
surrounding the source burrow and were diluted 2 to 3 orders of magnitude in the surface 
sediments 20.3 cm downstream.  If the active components are not exposed to chemical or 
biological degradation or adsorption to particles, these concentrations are well within a possible 
ten orders of magnitude as observed for Callinectes sapidus (Person & Olla 1977).   
4.4.3 Contributing factors to dye zone variation surrounding the source burrow 
Sediment composition, burrow mound structure, and pumping cycles influenced the 
advection of dye into the porewater surrounding the source burrow resulting in patches of 
concentrated dye.  The profiles of the source burrow indicated a varied distribution of burrow 
water in the sediments, which differs from the diffusion driven stratified geochemical profiles 
observed in homogenous sediments in the absence of bioirrigation and biogenic structures (Aller 
1982).  I suspect that this distribution pattern is a function of non-uniform distribution of 
sediments surrounding the active burrow.  The sediments used here were collected directly from 
the field and were not sorted or homogenized prior to use.  It is likely that natural processes 
create layers of sediment that are dissimilar from those above or below.  For instance, 
bioturbation rates of 41 g of wet sand per burrow per day have been measured for C. islagrande 
(Felder & Griffis 1994).  The mound built around the burrow opening contributed to the 
distribution of dye in the porespaces.   Huettel and Gust (1992) found that inactive burrow 
mounds could cause porewater advection due to pressure changes as water flowed over the 
surface.  Simulated bioirrigation through a restricted orifice may force burrow effluent into the 
pore waters of these non-homogenous sediment layers in a similar fashion to bioirrigation 
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oxygen flux demonstrated by Wethey et al. (2008) and Volkenborn et al. (2012).  Furthermore, 
ten minute cycling of pumping and resting may have further influenced dye distribution around 
the burrow creating an oscillation in porewater pressure similar to that observed by Volkenborn 
et al. (2012) for the thalassinidean shrimp, Neotrypaea californiensis, in unlined burrows in 
porous sediments.  The resulting patches of dye concentration alternated with depth on either 
side of the burrow lumen in both the parallel and cross stream orientations to ambient flow.       
Burrow effluent density affected the concentration of dye in the porespaces, but the 
general alternating patches of dye with depth was not altered.  Neutrally buoyant burrow water 
diffused through the pore water faster than the natural density burrow water.  Distribution of the 
neutrally buoyant burrow water in the surrounding sediments was more varied, exhibiting 
concentrations above and below the value for plume leaving the burrow.  The pockets of higher 
concentration in the porewater as compared to the near-surface burrow water may be a result of 
possible non-uniformity of the sediments coupled with forcing of burrow water into the burrow 
and surficial sediments caused by outward pumping of burrow water.  These profiles were 
similar to oxygen profiles recorded for Neotrypaea californiensis by Volkenborn et al. (2012).  
The dye concentration profiles of natural (heavy) density burrow water were more dilute in the 
porewater than in the effluent leaving the burrow through the external opening, indicating slower 
transport into the porespace.         
Bioirrigation activities provide both a source of dynamic transport of burrow water and 
an additional mechanical cue to infauna.  In addition to structure, location of the organism in the 
burrow, and hydraulic activity, pumping direction into or out of the burrow causes changes in 
porewater/burrow water exchange into the sediment surrounding the burrow or into the burrow 
and surface sediments respectively (Volkenborn et al. 2012; Woodin et al. 2010).  Irrigation into 
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the burrow would have a larger impact on the chemical cue patches around the burrow, whereas 
outward pumping would contribute to the transport of burrow water between burrows above and 
in the surficial sediments.  The ten minute pumping intervals observed for C. islagrande (Stanzel 
& Finelli 2004) would contribute to temporal and spatial heterogeneity of chemical cue in the 
sediments.  Pressurization of the porewater can radiate several body lengths or more from the 
burrow (Wethey et al. 2008) creating potential mechanical cues for neighboring shrimp.  It is 
possible that mechanical cues may compel a shrimp to approach the burrow of another and 
further information could be gained as it encountered chemical cue patches in the sediment 
surrounding the burrow.   
As thalassinidean shrimp carry out their daily routines of bioirrigation, burrow 
maintenance, and feeding their activities potentially create a non-uniform zone of chemical cue  
in the sediments surrounding their burrows.   The temporal and spatial distribution of chemical 
cues available in the porewater may vary, but if the cue components are not easily degraded 
chemically or consumed by bacteria then the establishment and persistence of an odor zone 
extending from burrows may provide a means of chemical eavesdropping on ones neighbor.  
Thalassinidean shrimp tunnel through the sediment and break into one another’s burrows through 
the burrow wall (LeBlanc 2002, Shimodo et al. 2005, personal observation).  Tunneling through 
and cue zone would potentially provide information about the sex, dominance, and specific 
identity of one’s neighbor.  As C.major and C. islagrande exist sympatrically in the intertidal 
zone on the bay sides of islands (Felder & Griffis 1994), cue zones might be a factor in the 
affecting the distribution of the two species.      
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4.4.4 Between burrow transport               
Pumping activity of neighboring downstream burrows coupled with effluent density 
affected the incorporation of the burrow effluent into the sediments and the second burrow shaft.  
When the second burrow was inactive neutrally buoyant dye was transported into the sediments 
one order of magnitude greater than when the burrow was actively pumping neutral effluent and 
natural density effluent regardless of pumping activity treatment.  Pumping did, however, 
enhance the transport of natural density (heavy) dye into the burrow shaft of the downstream 
burrow.  The close proximity of the natural density plume and the sediment surface increased the 
potential for transport into the sediments. On the surface of the sediment, the neutrally buoyant 
plume spread out higher above the sediment, whereas natural density remained more 
consolidated and moved along the surface of the sediments (personal observation).  Negative 
pressure in the porespace and surficial sediments due to outward pumping of water and mound 
structure may have driven the advection of natural density plume dye through the surface 
sediments and into the burrow lumen.      
As Callichirus islagrande and C. major burrows exhibit a random distribution (personal 
observation), it is possible that some burrows may be close enough in proximity that patches of 
burrow water may reach them through the sediments.  At 20.3 cm distance, some small amounts 
of chemical cue would be able to reach the second burrow.  In the case that the plume from the 
first burrow is heavier than the surface water and the second burrow is actively pumping, some 
cue laden water may even enter the burrow through the opening; thus, providing information 
about ones neighbor with a directional component (the direction of ambient water flow).  The 
process of burrow water delivery from the surface would provide a much more rapid (on the 
order of minutes) and more ephemeral signal as compared to cue movement through the 
115 
  
sediments and the establishment of cue zones.  Whereas persistent cue zones could provide long 
term information and play a role in establishing community structure, inter burrow 
communication from above the sediments, would carry more immediate information such as 
reproductive state.       
4.5 Conclusions 
Three species of thalassinidean shrimp, Callichirus islangrande, Callichirus major, and  
Lepidophthalmus louisianensis, are the dominant macroinfaunal organisms in soft-sediment 
habitat along the Louisiana coastline (Felder & Griffis 1994).  Their bioturbating and irrigation 
activities significantly alter sediment structure and porewater hydraulics in their habitats (Felder 
& Griffis 1994).  All three species are able to use chemical cues to distinguish the sex of 
conspecifics (Chapter 2).  In order to determine whether chemical cues could be transported 
through the sediment or between burrows, a series of experiments were performed using porous 
model burrows in natural sediments collected from Isle Dernieres, Louisiana.  Burrow 
parameters and pumping rates for C. islagrande were used.  Experiments were performed in a 
race track flume at the LU MCON Defelice Marine Center in Cocodrie, LA.  Rhodamine-FWT 
dye was pumped from a source burrow.  The burrow water pumping rate for C. islagrande of 3.5 
ml min
-1 
in 10 minute cycles (Stanzel & Finelli 2004) was coupled with an ambient water flow of 
5 cm s
-1
.  The dye was tracked using a fiber optic fluorometry probe through the sediments along 
parallel and cross stream transects surrounding the source burrow lumen and surrounding a 
second burrow 20.3 cm downstream.  The effect of burrow effluent density, neutrally buoyant 
and natural density (~0.3% difference in specific gravity), was crossed with pumping activity, 
active or inactive, of the downstream burrow.   The combination of sediment structure, pumping 
activity, and burrow structure created a non-uniform zone of dye concentration in the sediments 
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surrounding the source burrow.   Patches of high and low concentration alternated with depth 
between the upstream and downstream transects on either side of the burrow lumen of the source 
burrow.  Similar patterns were observed in the cross stream profiles.  Density differences in 
burrow water affected the movement of burrow water into the pore spaces.  Neutral density 
burrow water moved into the porespaces more quickly than the natural density burrow water.  
Natural density porewater was more dilute than the plume that exited the burrow orifice. 
Differences in burrow effluent concentration of the plume that exited the burrow and porewater 
were one to two orders of magnitude.   Plume density coupled with pumping activity in a 
neighboring downstream burrow affected the distribution of plume water in the surface 
sediments and burrow.  Surface sediment profiles for the inactive downstream burrow paired 
with a neutrally buoyant plume, were one order of magnitude great in concentration than an 
actively pumping downstream burrow and the both natural density pumping conditions.  Under 
natural density, active pumping conditions, plume water entered the burrow shaft in higher 
concentrations that the surrounding sediments.  All of the dye concentrations measured for the 
downstream burrow were 2-3 orders of magnitude less than the plume concentration released at 
the surface of the source burrow.  The observed changes in concentration with distance from the 
source burrow within the sediments and between burrows may be able to transport chemical cues 
within crustacean detection limits.   The burrow effluent transported to downstream burrows 
potentially provides a form of chemical eaves dropping on ones neighbor within a quick time 
frame and with directional component.  This type of transport would be advantageous for 
gleaning information about sex and reproductive state of neighbors.  The establishment of 
chemical cue zones in the sediments surrounding a source burrow could potentially provide 
longer term information about the burrow occupant that would be available to shrimp burrowing 
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nearby.  As C.major and C. islagrande are sympatric on the bayside of barrier islands, chemical 
cue zones may influence community structure.   
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CHAPTER 5 
SUMMARY 
5.1 Introduction 
Chemical communication and the parameters that influence signal quality and dispersal 
have been well documented for many species of crustacean in open water conditions.  American 
lobsters (Homarus americanus), blue crabs (Callinectes sapidus), the green shore crab (Carcinus 
meanus), and several species of stomatopod are among a few species that use chemical cues to 
communicate with potential competitors and mates (Atema 1986; Atema et al. 1979; Bushmann 
& Atema 1997; Caldwell 1979,1982,1991; Cowen & Atema 1999; Gleeson 1991; and McLeese 
1973).  In contrast to these epibenthic examples, chemical communication among burrowing 
species is relatively unstudied.  Larval settlement is induced in Callichirus major in response to 
adult odor (Strasser and Felder 1999).   Another thalassinidean shrimp, Corallianassa 
longiventris will remove the plug at the mouth of its burrow in response to the odor of plant 
material or detritus on the sediment above (Dworschak personal communication) indicating that 
they can detect odor cues that have been transported through the sediment.  In a previous chapter, 
I demonstrated that the ability to detect conspecific chemical cues by adults of three species of 
ghost shrimp, Lepidophthalmus louisianensis, Callichirus islagrande, and Callichirus major, 
was evident in y-maze experiments.  However, as has been shown in both terrestrial and marine 
examples, the dispersal of odors by ambient flow may alter the response of navigating 
organisms.  The confined geometry of infaunal burrows may constrain the manner in which 
chemical cues are employed by thalassinidean shrimps.     
The transport of chemical cues from a source and to their subsequent detection by a 
receiver may be influenced by a number of factors.  Environmental conditions such as ambient 
flow, number and type of boundaries, and release rates of chemical cue determine the spatial and 
119 
  
temporal characteristics of chemical cue available to a receiver.  The effect of these conditions  
on odor plume structure has been demonstrated in open-channel flow conditions (Bushmann & 
Atema 1993; Finelli et al. 1999; Finelli et al. 2000; Webster & Weissburg 2001) and appears to 
differ from the plumes generated in the enclosed burrow conditions that I described in Chapter 
three.  The ability of an animal to detect a signal against an elevated chemical background using 
concentration gradients and concentration bursts over time (Moore & Atema 1991) may be 
particularly germane to ghost shrimp that inhabit burrows that have limited exchange with the 
water column and are perfuse with metabolites from both shrimp and microbes (Felder & Griffis 
1994).  Odoarant quality may also change with distance from the source due to chemical 
degradation, uptake by bacteria or adsorption to particles or sediment (Atema 1996).  As 
thalassinidean shrimp burrows are bounded by sediment particles which support diverse bacterial 
communities, the alteration of chemical cue by either bacteria or adsorption may be of particular 
importance to the shrimp.              
Burrows are also constructed in porous sediments, which presents the opportunity for 
interburrow transport of chemical cues through the sediment matrix and via the overlying water.  
Communication between burrows maybe particularly important for fossorial crustaceans that are 
often aggressive towards conspecifics, but also must pair to copulate.  For infaunal organisms, 
exchange of water within the burrow not only occurs through the burrow opening, but also from 
the porespace in the sediments.  The exchange of water from the porespace to the burrow is 
much slower than exchange with the overlying water due to the tortuousity, or path around the 
sediment particles that porewater must travel (Berner 1980).  Chemical exchange from porewater 
is driven by molecular diffusion such that surface area of the burrow is a primary control of 
diffusion rates.  Active bioirrigation has been considered negligible (e.g. Berner 1980), but 
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recent evidence suggests that infaunal activity may ventilate both burrows and pore water 
(Wethey et al. 2008; Volkenborn et al. 2012; Woodin et al. 2010).  Huettel and Gust (1992) 
observed that mounds and other biological structures can enhance porewater exchange in the 
sediments via advection penetrating several centimeters into the sediments.  Solute exchange in 
sandy sediments is enhanced by empty burrow structures in the presence of waves (Webster 
1992).  Volkenborn et al. (2012) observed that the direction of hydraulic related activities as well 
as the burrow structure has significant influence on the direction and extent of the bioadvection 
of porewater.  Burrow ventilation which draws water into burrows pushes water into the 
porespaces, and hydraulic activities which eject water from the burrow pull porewater into the 
burrow and surface water into the surface sediments (Volkenborn et al. 2012; Wethey et al. 
2008; Woodin et al. 2010).  Possible effects of these phenomena on chemical transport through 
the sediments and around burrows have also been ignored by modelers of chemical transport.  It 
is possible that currents generated by bioirrigation coupled with advective transport could carry 
chemical cues through the sediments and between burrows.  Sediment profiles surrounding 
simulated Callichirus islagrande burrows, resulting from the experiments described in Chapter 
4, indicated that pumping activity and effluent density affected the spatial distribution of burrow 
water concentration in the surrounding sediments and transport to a neighboring burrow.           
5.2 Investigation of chemical communication in thalassinidean shrimp and their hydrodynamic 
environment: the conclusions 
 
I performed three sets of experiments to investigate the potential use of chemical 
communication by three species of thalassinidean shrimp, Lepidophthalmus louisienensis, 
Callichirus islagrande, and Callichirus major, from the Northern Gulf of Mexico and the 
transport of odor plumes within and between burrows.  These experiments addressed the 
following objectives:   
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1. Determine whether Lepidophthalmus louisienensis, Callichirus islagrande,and 
Callichirus major can use chemical cues to distinguish between the sex of conspecifics.  
2. Determine the effects of water flow and cue release speed on the characteristics of an 
odor plume in a model burrow in the presence of a shrimp. 
3. Determine whether burrow water can be passed between burrows from the water column 
or through the sediments.  
5.2.1 Objective 1  
The possible use of chemical cues by adult thalassinidean shrimp was examined through a series 
of laboratory experiments.  Behavioral bioassays on Lepidophthalmus louisienensis, Callichirus 
islagrande, and Callichirus major were performed in a y-maze for the following conspecific 
combinations:  opposite-sex live cue, same-sex live cue, opposite-sex incubated water, and same-
sex incubated water.   I rejected the following null hypotheses. 
Ho1:   Thalassinidean shrimp cannot detect chemical cues of conspecifics. 
Ho2:   Thalassinidean shrimp cannot distinguish the sex of a conspecific emitting the 
chemical cue. 
I accepted the alternative hypotheses listed below. 
Ha1:  Thalassinidean shrimp are able to detect chemical cues of conspecifics. 
Ha2:  Thalassinidean shrimp can distinguish the sex of a conspecific emitting the chemical 
cue.  
   The time budgets for the detection of conspecifics chemical cues differed significantly 
from controls for both animal cues and odor only cues indicating that all three species 
Callichirus major, C. islagrande, and Lepidophthalmus louisianensis were able to detect the 
chemical cues regardless of cue source.   All three species are able to detect the difference in the 
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sex of conspecifics via odor.   The differences between the trials in which the cue animal was 
present and odor cue alone was present may indicate the possible use of mechanical cues in 
addition to odor.  For instance, female crayfish respond to the combination of urine borne cues 
coupled with visual cues from males (Aquiloni et al. 2009; Aquiloni & Gherardi 2008). 
5.2.2 Objective 2 
 I used a series of experiments to determine the distribution of odor within plumes created 
in a model burrow at varied water and release speeds.  The effects of obstructions, such as 
shrimp bodies, in the burrow on plume dispersal were characterized.  I rejected the following 
null hypotheses. 
Ho3:  There is no difference in the distribution of an odor plume in a model burrow when 
the rate of plume release and burrow water speed are varied in the absence of a 
shrimp form. 
Ho4:  There is no difference in the distribution of an odor plume in a model burrow when 
the rate of plume release and burrow water speed are varied in the presence of a 
shrimp form. 
I accepted the alternative hypotheses listed below. 
Ha3:  The distribution of an odor plume in a model burrow differs when the rate of plume 
         release and burrow water speed are varied in the absence of a shrimp form. 
Ha4:  The distribution of an odor plume in a model burrow differs when the rate of plume 
         release and burrow water speed are varied in the presence of a shrimp form. 
 As in open channels, the odor plume properties generated in the model burrow varied with 
ambient water speed and release speed as well as the location and the number of obstructions 
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present.  Differences in velocity due to proximity to the boundaries of the pipe walls affected 
concentration and direction of the plume.     
5.2.3 Objective 3 
 The possibility of whether chemical cues can be transported between burrows was 
examined by measuring concentration profiles of dye in sediments surrounding two simulated 
Callichirus islagrande burrows.  The following treatments were performed under flow 
conditions of 5 cm s
-1
 in the flume.   Two effluent density treatments, neutrally buoyant and 
natural density, were crossed with two burrow activity treatments, active and inactive.   I rejected 
the null hypotheses listed below. 
Ho5: The dispersal of burrow effluent from one burrow to another does not differ with 
pumping activity of the second burrow.   
Ho6: The transfer of burrow effluent from one burrow to another does not differ as 
effluent density is varied. 
I accepted the following alternative hypotheses. 
Ha5:  The dispersal of burrow effluent from one burrow to another differs with pumping 
         activity of the second burrow. 
Ha6:  The transfer of burrow effluent from one burrow to another differs as the effluent 
         density is varied. 
Density differences in burrow water affected the movement of burrow water into the pore 
spaces.  Plume density coupled with pumping activity in a neighboring downstream burrow 
affected the distribution of plume water in the surface sediments and burrow.  The observed 
changes in concentration with distance from the source burrow within the sediments and between 
burrows may allow transport of chemical cues to within crustacean detection limits. 
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5.3 Future research recommendations  
 Other avenues of research into aspects affecting chemical communication in 
thalassinidean shrimp that can be pursued without knowing the identity of the cue include the 
effect of sediments and microbial populations on the transport of chemical cues. The effects of 
sediment porosity on the bioadvective transport of oxygen by a thalassinidean shrimp, 
Neotrypaea californiensis, has been examined (Volkenborn et al 2012), but its application to 
chemical cues has yet to be addressed.  Bacterial degradation of chemical cues has not been 
studied for fossorial shrimp.  The y-maze behavioral bioassay experiments can be repeated with 
a modified apparatus in which the cue water passes through sediment packed columns before 
reaching the test shrimp. Sediment grain size composition treatments can be varied to reflect 
natural conditions, post storm conditions and beach replenishment conditions.  Abundance and 
diversity in the burrow microbial community can be profiled using polymerase chain reaction 
(PCR) of the 16S rRNA gene and sequencing.  Treatments of natural microbial community and 
autoclaved sediment can be used to compare the effect of microbes on chemical cue quality as 
they pass through each grain size condition.   
Further study into chemical communication for Lepidophthalmus louisianensis, 
Callichirus islagrande, and Callichirus major should concentrate on determining the chemical 
identity of possible cues, detection limits for the cues, and how factors endemic to the burrow 
environment affect the quality of chemical cue as it leaves the source.  While the use of 
pheromones by crustaceans have been described for many species for example Callinectes 
sapidus (Gleeson et al. 1984), Carcinus meanus (Hardege et al. 2002), and  H. americanus 
(Cowan & Atema 1990) few have been purified and chemically identified such as settlement-
inducing protein complex (SIPC) for the barnacle, Balanus amphitrite, (Dreanno et al. 2006b).  
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Efforts should be made to isolate and identify possible pheromones from urine as well as contact 
cues from the shrimp carapace.  Once identified, pheromone detection limits and production 
levels could be measured or estimated, providing parameters for describing how dilution and 
transport affect the efficacy of urine borne pheromones within and between burrows.  Other 
factors that affect cue quality can be tested such as possible degradation of the compound(s) over 
time, with change in pH, exposure to natural light or by the microbial community present in 
burrows.   
 As L. louisianensis, Callichirus islagrande, and Callichirus major  comprise the 
dominant infauna on many soft sediment coasts along the Gulf of Mexico (Felder & Griffis 
1994), the sublethal effects of pollutants related to oil spills, such as naphthalene and chemical 
dispersants, on the chemoreceptive abilities of thalassinidean shrimps should be examined.  
Behavioral experiments such as y-maze choice experiments could be performed after different 
levels of exposure to naphthalene and at increasing increments of time after exposure.     
Visualization of plume release and behavior could be improved using live thalassinidean 
shrimp and applying the techniques used by Breithaupt and Eger (2002) on crayfish.  They 
injected crayfish with fluorescein dye mixed with crayfish saline, which rendered the currents 
released by the crayfish visible (Breithaupt & Eger 2002).  Live fluorescein injected shrimp 
could be released in clear model burrows and filmed under blue light.  Video analysis could be 
used to measure temporal and spatial changes in dye concentration (see Chapter 3).    The 
following treatments would be executed in order to investigate the differences in communication 
between individuals at a distance versus ones allowed physical interaction: one tethered shrimp, 
two tethered shrimp, one free roaming shrimp and two free roaming shrimp. 
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Thalassinidean shrimp populations dominate many soft sediment communities worldwide 
(Felder & Griffis 1994) and essentially engineer the sedimentary habitat (Berkenbusch & 
Rowden 2003; Woodin et al. 2010).  Due to their size, burrowing activity and high densities, 
thalassinideans influence the sediment geochemistry, nutrient fluxes, bacterial biomass, 
porewater hydraulic pressure, and community structure both of macro infauna and meiofauna 
(Berkenbusch & Rowden 2003; Branch & Pringle 1987; Dobbs & Guckert 1988; Felder & 
Griffis 1994; Nates & Felder 1998; Posey 1990; Posey et al. 1991; Woodin et al. 2010).  The 
basis for further investigation into factors that affect communication between shrimp that 
potentially govern thalassinidean populations has been established.  It is clear that L. 
louisianensis, Callichirus islagrande, and Callichirus major can communicate chemically 
(Chapter 2).   Odor plumes released in burrows differ in behavior from those released in open 
channels (Chapter 3).  There is the potential for biologically significant concentrations of odor 
cue to be transported through the sediments and between burrows so that neighbors may 
chemically eavesdrop on each other (Chapter 4).  Inquiry into the chemical nature of cues, the 
effect of potential sources of cue degradation, effect of other chemicals on olfaction, conspecific 
behavioral interactions, and the effect of sediment conditions on the transport between burrows 
would provide important information regarding the possible impact of alterations to the 
environment both anthropogenic and natural for example (e.g. oils spills, beach replenishment 
and hurricanes) on the dominant infauna of many coastal soft sediment communities. 
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